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ABSTRACT 
An experimental study was made of accumulation and loss of heavy metals 
by the aquatic moss Rhynchostegium r l p a r l o i d e s and of the processes involved. 
The i n f o r m a t i o n gained were used t o assess the effectiveness of t h i s species 
as a monitor. 
Growth of Rhynchostegium continued throughout the year w i t h peaks i n 
spri n g and autumn. There were p o s i t i v e c o r r e l a t i o n s between growth and water 
and a i r temperatures. Strong d i f f e r e n c e s i n growth rates i n the four streams 
were not r e l a t e d t o n u t r i e n t or heavy metal concentrations. 
Various patterns of mesh bag were tested as containers f o r transplanted 
Rhynchostegium t o be used as a monitor. No s i g n i f i c a n t differences i n 
accumulation by moss were found between boulders or bags, or i n accumulation 
w i t h d i f f e r e n t p atterns of bags. Accumulation was reduced s l i g h t l y at the 
centre of bags packed w i t h large q u a n t i t i e s of moss. 
The physiology of Zn accumulation was also studied. A large part of 
accumulation (> 70%) i n the e a r l y stages (< 12 h) was i n a form r e a d i l y 
exchanged f o r competing cations such as Ca and Ni; over longer time periods 
there was s i g n i f i c a n t accumulation i n t o a more t i g h t l y bound compartment. 
There was no evidence t h a t uptake i n t o t h i s l a t t e r compartment was under the 
d i r e c t c o n t r o l of the plant's metabolism. 
There was d i f f e r e n t i a l accumulation of C r ( I I I ) and Cr(VI) i n 
la b o r a t o r y experiments; during a case study i t was possible to " p r e d i c t " the 
sp e c i a t i o n of Cr i n the water by the concentrations accumulated by the moss. 
These r e s u l t s confirm t h a t bryophytes are useful as monitors of heavy 
metal p o l l u t i o n i n a wide range of circumstances. A range of such 
a p p l i c a t i o n s are o u t l i n e d , along w i t h recommendations f o r standard methods 







































m i l l i l i t r e 
l i t r e 
meq mi 11iequivalent 
umol micromole 




°C degrees Celsius 
kPa kiloPascal 
uS microSiemen 
CCCP carbonyl cyanide-m-chlorophenylhydrazone 
DCMU 3-(3.4-dichlorophenyl)-l,1-dimethylurea 
DNP 2 , 4-dinjtrophenol 
EDTA ethylenediaminetetra-acetic acid (disodium s a l t ) 
FRP f i l t r a b l e r e a c t i v e phosphate 
HA humic acids 
HEPES .\^-2-hydroxypiperazine-N'-2-ethanesulphonic acid 
n number of measurements 
df degrees of freedom 
X mean 
SD standard d e v i a t i o n 
p p r o b a b i l i t y 
r c o r r e l a t i o n c o e f f i c i e n t 
F variance r a t i o 
.\'.S. not s i g n i f i c a n t 
AAS atomic absorption spectrophotometry 
AFS apparant free space 
ANOVA analysis of variance 
DPS Donnan f r e e space 
PAR p h o t o s y n t h e t i c a l l y a c t i v e r a d i a t i o n 
Q temperature quoti e n t 
STw sewage treatment works 
cond. c o n d u c t i v i t y 
c u r r . current speed 
temp. temperature 
Conventions 
N.S. p < 0.05 
* p > 0.05 < 0.01 
** p > 0.01 < 0.001 
*** p < 0.001 
Amblysteg bbrevialed na.ne f o r Amblystegium riparium. 
F o n t i n a l i s abbreviated name f o r Fontinal i s a n t i p y r e t i c a . 
Rhynchostegium abbreviated name f o r Rhynchostegium r i p a r i o i d e s . 
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1. INTRODUCTION 
1.1 GENERAL INTRODUCTION 
The t o x i c e f f e c t s o f heavy metals have been known f o r a l o n g t i m e . The 
d e l e t e r i o u s e f f e c t s o f l e a d on herbage around s m e l t m i l l s o f County Durham 
was d e s c r i b e d by C a l v e r t (1884) who went on t o say: " I t i s a source of 
r e g r e t t h a t where m a n u f a c t u r i n g i n d u s t r i e s a r e c a r r i e d on t h e r e are u s u a l l y 
emanations o f smoke and gas". 
The e x t e n t o f t h e problems caused by heavy metals has s i n c e spread from 
l o c a l i z e d areas where ores were mined and smelted t o i n c l u d e r e g i o n s o f 
most developed p a r t s o f t h e w o r l d . They are now second o n l y t o o r g a n i c 
p o l l u t i o n as a source o f p o l l u t i o n i n B r i t i s h r i v e r s (Hargreaves, 1981) and 
t h e i r i n c r e a s e i n importance has been m i r r o r e d by gr o w i n g p u b l i c concern. 
Techniques f o r measuring c o n c e n t r a t i o n s o f heavy metals a re becoming 
i n c r e a s i n g l y r e f i n e d and i n c l u d e s o p h i s t i c a t e d t e c h n i q u e s such as atomic 
a b s o r p t i o n s p e c t r o p h o t o m e t r y (AAS). i n d u c t i v l y c oupled plasma emission 
s p e c t r o p h o t o m e t r y , d i r e c t p o t e n t i o m e t r y and anodic s t r i p p i n g v o l t a m e t r y . 
There i s a l s o c o n s i d e r a b l e i n t e r e s t i n the development o f methods t o assess 
the impact of heavy m e t a l s on t h e b i o t a , b o t h f o r i t s i n h e r e n t i n t e r e s t t o 
e c o l o g i s t s and as an a d d i t i o n a l m.onitoring t e c h n i q u e . At one l e v e l t h i s 
may be an " i n t e r m e d i a t e t e c h n o l o g y " (sonsu Schumacher. 1973) approach t o 
m o n i t o r i n g c o n c e n t r a t i o n s , w h i l s t a t a n o t h e r i t may p r o v i d e i n f o r m a t i o n 
a d d i t i o n a l t o s t r a i g h t f o r w a r d chemicai a n a l y s e s . 
T h i s t h e s i s i s concerned w i t h s t u d i e s on the uptake of heavy metals by 
a q u a t i c mosses and w i t h u s i n g t h i s i n f o r m a t i o n t o develop methods f o r u s i n g 
these as m o n i t o r s o f heavy metal p o l l u t i o n and. i n p a r t i c u l a r , i n t e r m i t t e n t 
or e p i s o d i c heavy m e t a l p o l l u t i o n . 
23 
The t e r m "heavy m e t a l " has been r e t a i n e d t h r o u g h o u t d e s p i t e c r i t i c i s m s 
( N i e b o e r & R i c h a r d s o n , 1980), which p o i n t o u t t h a t t h e term has no r i g i d 
d e f i n i t i o n and i s o f t e n extended t o i n c l u d e m e t a l l o i d s (such as selenium) 
and l i g h t e r m e t a l s (such as alu m i n i u m and barium) w i t h s i m i l a r c o n n o t a t i o n s 
o f t o x i c i t y . Say & W h i t t o n (1981) argue t h a t w h i l s t t h e term c o n t i n u e s t o 
arouse p u b l i c i n t e r e s t and s c i e n t i f i c d i s c u s s i o n t h e n i t has a p l a c e , 
a l b e i t n o t i n a s t r i c t l y b i o l o g i c a l o r chemic a l c o n t e x t . The elements 
c o n s i d e r e d i n t h i s s t u d y ; chromium, z i n c , cadmium and l e a d , a l l f i t t h e 
" c l a s s i c a l " d e f i n i t i o n o f a heavy m e t a l by h a v i n g a d e n s i t y g r e a t e r t h a n 
f i v e . 
The remainder o f t h i s i n t r o d u c t i o n g i v e s a b r i e f overviei-j o f t h e 
so u r c e s , e n v i r o n m e n t a l c h e m i s t r y and b i o l o g y o f heavy metals i n f r e s h w a t e r 
systems. I t d e a l s m a i n l y w i t h z i n c , t h e p r i n c i p a l element i n t h i s s t u d y , 
b u t c o n t a i n s some r e f e r e n c e s t o o t h e r m e t a l s . T h i s i s f o l l o w e d by a more 
d e t a i l e d c o n s i d e r a t i o n o f t h e aims and scopes o f b i o l o g i c a l m o n i t o r i n g and 
t h e c o r r e c t c h o i c e o f organisms f o r p a r t i c u l a r c i r c u m s t a n c e s . 
1.2 HEAVY METALS IN FRESHWATERS 
1.21 Sources o f heavy m e t a l s i n f r e s h w a t e r s 
The p r o d u c t i o n and consumption o f heavy me t a l s have shown a r a p i d 
i n c r e a s e i n t h i s c e n t u r y ( N r i a g u , 1979), accompanied by i n c r e a s e s i n t h e 
t o t a l e m i s s i o n s t o t h e environment ( R i i h l i n g & T y l e r , 1968; L i v e t t e t a l . , 
1979). The problem may be c o n s i d e r e d i n two p a r t s : problems a s s o c i a t e d 
w i t h t h e " p r o d u c t i o n " o f heavy m e t a l s , e.g. m i n i n g and s m e l t i n g and 
problems a s s o c i a t e d w i t h t h e i r use. 
The p r i n c i p a l o r e - p r o d u c i n g c o u n t r i e s o f t h e w o r l d a re U.S.A., 
Canada, U.S.S.R., A u s t r a l i a and South A f r i c a ( G o v e t t , 1976). Much o f t h e 
remainder o f t h e r e s o u r c e s a r e c o n c e n t r a t e d i n a s m a l l number of A s i a n , 
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A f r i c a n and L a t i n American c o u n t r i e s ; f o r example 70% o f t h e w o r l d ' s known 
copper r e s e r v e s a r e c o n c e n t r a t e d i n C h i l e , Peru, U.S.A., U.S.S.R., Z a i r e 
and Zambia and the p r i n c i p a l t i n d e p o s i t s a r e l o c a t e d i n S-E. Asia and 
B o l i v i a ( G o v e t t , 1976). U.K. d e p o s i t s o f heavy metals ( p r i n c i p a l l y l e a d , 
copper, t i n , a r s e n i c and a s s o c i a t e d "gangue" m i n e r a l s ) are c o n f i n e d t o 
upla n d r e g i o n s of N. England, N. Wales and S-W. England and have been 
e x p l o i t e d s i n c e Roman times ( R a i s t r i c k & Je n n i n g s , 1965). Many of these 
seams have been exhausted or rende r e d uneconomic by cheap imports from 
abroad. Streams and r i v e r s i n these r e g i o n s , however, o f t e n s t i l l c o n t a i n 
e l e v a t e d c o n c e n t r a t i o n s o f heavy m e t a l s (Webb, 1978). 
The p r e s e n t problems a s s o c i a t e d w i t h heavy metals are coupled w i t h an 
i n c r e a s i n g d i v e r s i t y o f uses. Z i n c , f o r example, was t r a d i t i o n a l l y used 
f o r g a l v a n i z i n g s t e e l ; more r e c e n t uses i n c l u d e manufacture of such 
widespread commodities as b a t t e r i e s and d e t e r g e n t s . The p r o d u c t i o n , use 
and e v e n t u a l d i s p o s a l o f these p r o d u c t s a r e a l l r e s p o n s i b l e f o r the r e l e a s e 
o f heavy metals i n t o t h e environment. I t i s e s t i m a t e d t h a t 19.6 x 10*^  t 
of l e a d have been r e l e a s e d t o th e environment by ant h r o p o g e n i c causes 
( N r i a g u , 1979). 50% o f a l l a n t h r o p o g e n i c e m i s s i o n s of lead a t the present 
t i m e a r e d e r i v e d from combustion o f petroleum-based f u e l s (Moore & 
Ramamoorthy, 1984), a l t h o u g h r e c e n t l e g i s l a t i o n i n U.S.A. J i m i t i n g lead 
a d d i t i v e s i n petroleum has caused a s i g n i f i c a n t d e c l i n e i n lead t r a n s p o r t e d 
by t h e M i s s i s s i p p i R i v e r which, w i t h t r i b u t a r i e s , d r a i n s 40% of the U.S.A. 
( T r e f r y e t a l . , 1985). 
1.22 E n v i r o n m e n t a l c h e m i s t r y o f heavy m e t a l s i n f r e s h w a t e r s 
1.221 C o n c e n t r a t i o n s i n f r e s h w a t e r s 
The u b i q u i t y of many heavy me t a l s (1.21) makes r e l i a b l e e s t i m a t e s o f 
background c o n c e n t r a t i o n s ( i . e . u n i n f l u e n c e d by an t h r o p o g e n i c i n p u t ) v e r y 
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d i f f i c u l t t o measure, due b o t h t o t h e problems o f d e f i n i n g uncontaminated 
r e g i o n s and t o the problems o f c o n t a m i n a t i o n d u r i n g sample c o l l e c t i o n and 
a n a l y s i s ( M a r t i n e t al^. , 1980). "Clean" stream w a t e r s i n N. Wales 
c o n t a i n e d 0.011 mg Zn, 0.00041 mg 1 ~ ^ Cd and 0.0007 mg 1 ~ ^ Pb 
( A b d u l l a h & Royle. 1972). S h i l l e r and Boyle (1985) measured d i s s o l v e d (= 
of a'/xc 
0.4 pm f i l t r a b l c ) c o n c e n t r a t i o n s ^ o f between 0.00002 and 0.0018 mg 1 i n 
r i v e r s d r a i n i n g r e l a t i v e l y u n d i s t u r b e d r e g i o n s o f t h e w o r l d . T h e i r 
measurements w i t h i n t h e U.S.A. ranged f r o m 0.000071 mg 1 ^ t o 0.0156 mg 1 
^; however h e a v i l y p o l l u t e d reaches may c o n t a i n much h i g h e r c o n c e n t r a t i o n s 
( W h i t t o n , 1980). Ranges of s e v e r a l o r d e r s o f magnitude have a l s o been 
shown f o r o t h e r heavy m e t a l s ( e . g . Laxen, 1984b). 
1.222 Chemical behaviour 
Even t h e h i g h e s t c o n c e n t r a t i o n s o f heavy metals i n n a t u r a l waters a r e , 
i n c h e m i c a l terms, v e r y d i l u t e . T h i s has i m p o r t a n t i m p l i c a t i o n s f o r t h e i r 
b e h a v i o u r w i t h r e s p e c t t o o t h e r i o n s , l i g a n d s e t c . . S i l v e r , f o r example, 
i s r e a d i l y p r e c i p i t a t e d by c h l o r i d e i o n s ( C o t t o n & W i l k i n s o n . 1972). The 
r e l a t i v e c o n c e n t r a t i o n s o f these two i o n s i n n a t u r a l waters makes c h l o r i d e 
a major f a c t o r i n d e t e r m i n i n g t h e s p e c i a t i o n o f d i s s o l v e d s i l v e r (Whitlow & 
K i c c . 1985). 
The s o l u b i l i t y of t h e common m e t a l complexes i n n a t u r a l waters i s w e l l 
known (Chemical Rubber Company, 1985). Of t h e major a n i o n s , heavy metal 
s a l t s w i t h phosphates, s i l i c a t e s and c a r b o n a t e s t e n d t o be i n s o l u b l e i n 
c o l d w ater, w h i l s t n i t r a t e s and s u l p h a t e s a r e r a t h e r more s o l u b l e . The 
s i n g l e most i m p o r t a n t f a c t o r c o n t r o l l i n g the s p e c i a t i o n of metal i o n s , 
however, i s pH. S o l u b i l i t y o f z i n c decreases as pH r i s e s , up t o pH 9.5. 
The o t h e r two common spe c i e s i n n a t u r a l w a t e r s , ZnCO and Zn(OH) , cannot 
O c. 
c o n t r o l z i n c s o l u b i l i t y u n l e s s t h e c o n c e n t r a t i o n o f d i s s o l v e d carbon 
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d i o x i d e i s v e r y h i g h (Hem, 1972). W i l l i e m i t e ( z i n c s i l i c a t e ) i s l e s s 
s o l u b l e than these b u t t h e g e n e r a l l y low c o n c e n t r a t i o n s o f d i s s o l v e d s i l i c a 
p r e c l u d e t h i s f rom a c t i n g as a s i g n i f i c a n t c o n t r o l on s o l u b i l i t y (Hem, 
1972). The second major e f f e c t o f pH i s t o a f f e c t a d s o r p t i o n o f metals 
o n t o p a r t i c u l a t e s . An i n c r e a s e i n pH i n c r e a s e s t h e amount o f z i n c adsorbed 
( S h i l l e r & Boyle. 1985) . 
Cadmium, v e r y c l o s e t o z i n c i n Group l i b has a f a i r l y s i m i l a r a q u a t i c 
c h e m i s t r y (Hem, 1972); however l e a d (Group IVb) i s l e s s s o l u b l e and r e a d i l y 
forms p r e c i p i t a t e s w i t h o x i d e s , c a r b o n a t e s and phosphates depending upon 
redox c o n d i t i o n s and a l k a l i n i t y . Lead i s a p o l y v a l e n t c a t i o n w i t h one 
o x i d a t i o n s t a t e s t a b l e i n n a t u r a l w a t e r s ( P b ( I I ) ) ; chromium i s a l s o 
p o l y v a l e n t , w i t h two o x i d a t i o n s t a t e s f r e q u e n t i n n a t u r a l w a t e r s ( C r ( I I I ) 
and C r ( V I ) ) . C r ( V I ) i s u s u a l l y found as chromate (CrO^ ) and behaves as 
an a n i o n . These two forms have v e r y d i f f e r e n t c hemical and b i o l o g i c a l 
b e h a v i o u r ( C r a n s t o n & Murray, 1980; Moore & Ramamoorthy, 1984). 
1.223 A d s o r p t i o n and t r a n s p o r t o f heavy me t a l s 
The a q u a t i c c h e m i s t r y o f heavy m e t a l s i s f u r t h e r a d j u s t e d by the t y p e 
and a v a i l a b i l i t y o f l i g a n d s and s u r f a c e s on which a d s o r p t i o n can occur. 
The processes i n v o l v e d i n c l u d e exchange a d s o r p t i o n onto charged s i t e s 
(O'Connor & Renn, 1964), c o m p l e x a t i o n by o r g a n i c compounds such as humic 
and f u l v i c a c i d s ( T i p p i n g e t a_l. , 1983) and a d s o r p t i o n and c o - p r e c i p i t a t i o n 
onto manganese and i r o n o x i d e s ( L i o n e t a j . - , 1982; Laxen, 1984a). The 
p r o p o r t i o n s adsorbed v a r y w i t h t he m e t a l and t h e c o n c e n t r a t i o n ; the mean 
r a t i o o f 0.22 pm f i l t r a b l e m e t a l t o " t o t a l " metal i n a survey of 105 s i t e s 
i n N. England was 0.88 f o r z i n c , 0.81 f o r cadmium and 0.61 f o r lead 
( c a l c u l a t e d from d a t a i n Wehr & W h i t t o n , 1983a). The t o t a l amount of 
metals t h a t may be t r a n s p o r t e d i n t h i s way i s c o n s i d e r a b l e ; the Susquehanna 
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R i v e r , S-E. U.S.A. t r a n s p o r t s 88.4 t y r ~ ^ chromium, 45.7 t y r ~ s i l v e r and 
3048.2 t y r ~ ^ n i c k e l ( T u r e k i a n & S c o t t , 1967) and the Grand Calmut R i v e r 
d i s c h a r g e s 84 t y r ^ z i n c , 1.2 t y r ^ cadmium and 24 t y r ^ lead i n t o L. 
Mi c h i g a n (Romano, 1976). The t o t a l amounts of metals t r a n s p o r t e d are 
g r e a t e s t a t h i g h f l o w s ( B r a d l e y & Lewin, 1982). 
1.3 HEAVY METALS AND THE AQUATIC BIOTA 
1.31 I n t r o d u c t i o n 
T h i s s e c t i o n i s a b r i e f r e v i e w o f the b i o l o g y of heavy metals i n 
f r e s h w a t e r b i o t a . The f i r s t p a r t (1.32) r e v i e w s the e f f e c t s o f heavy 
metals a t t h e o r g a n i s m i c and community l e v e l s , t h e i r movement t h r o u g h food 
c h a i n s and t h e h e a l t h i m p l i c a t i o n s where man i s t h e to p consumer. T h i s i s 
f o l l o w e d by a r e v i e w o f t h e c u r r e n t knowledge of the p h y s i o l o g y of metal 
a c c u m u l a t i o n by a q u a t i c p l a n t s ( 1 . 3 3 ) . References t o t e r r e s t r i a l and 
marine systems w i l l be i n c l u d e d where r e l e v a n t . 
I t i s u s e f u l a t t h i s p o i n t t o d e f i n e two terms t h a t w i l l r e c u r 
t h r o u g h o u t t h e t h e s i s : "uptake" and " a c c u m u l a t i o n " . The p l a n t p h y s i o l o g i s t 
d e f i n e s uptake as t h e processes by which a p l a n t takes up s o l u t e s p r i o r t o 
t h e i r a s s i m i l a t i o n . " A c c u m u l a t i o n " has a Jess c l e a r d e f i n i t i o n but 
g e n e r a l l y r e f e r s t o the whole s u i t e o f processes by which an organism 
c o n c e n t r a t e s i o n s and o t h e r compounds from i t s environment. The term 
" b i o a c c u m u l a t i o n " i s o f t e n used i n s t e a d of " a c c u m u l a t i o n " ; however the 
pref i . x " b i o " may l a y t o o much s t r e s s on a c t i v e b i o l o g i c a l processes, 
whereas p a s s i v e processes are o f t e n more i m p o r t a n t ( 1 . 3 3 ) . The term 
"e.xchange" r e f e r s t o r e v e r s i b l e a d s o r p l i v e processes a t the c o l l wa3] 
r a t h e r than t o s p e c i f i c exchange by i o n - c a r r i e r mechanisms. 
28 
1.32 E f f e c t o f heavy m e t a l s on a q u a t i c b i o t a 
1.321 D i f f e r e n t i a l t o l e r a n c e and t o x i c i t y 
Examples o f between- and w i t h i n - s p e c i e s v a r i a t i o n i n t o l e r a n c e o f 
organisms t o heavy m e t a l s are w e l l documented ( A n t o n o v i c s e t a l . , 1971). 
As t h e t o t a l c o n c e n t r a t i o n o f z i n c i n t h e environment i n c r e a s e s so the 
t o t a l number of s p e c i e s decreases ( W h i t t o n & D i a z , 1980). T h i s decrease, 
however, i s no t c o n f i n e d t o i n d i v i d u a l t a x a ; a l l l a r g e r taxa c o n t a i n a few 
s p e c i e s t o l e r a n t t o e l e v a t e d c o n c e n t r a t i o n s o f z i n c ( W h i t t o n , 1980). I t i s 
g e n e r a l l y assumed t h a t t o l e r a n c e t o heavy m e t a l s i s a t r a i t a c q u i r e d by 
n a t u r a l s e l e c t i o n (Bradshaw & M c N e i l l y , 1981) and indeed p o p u l a t i o n s o f the 
f i l a m e n t o u s green a l g a e S t i g e o c l o n i u m tenue and Hormidium spp. from streams 
w i t h e l e v a t e d z i n c c o n c e n t r a t i o n s assayed f o r t o l e r a n c e showed g e n e t i c 
a d a p t a t i o n s t o h i g h ( > 0.2 mg 1 ^ ) c o n c e n t r a t i o n s o f z i n c ( H a r d i n g & 
W h i t t o n , 1976; Say e t a^., 1977). Shehata & W h i t t o n (1982) induced z i n c 
t o l e r a n c e i n the b l u e - g r e e n a l g a A n a c y s t i s n i d u l a n s by r e p e a t e d l y sub-
c u l t u r i n g i n t o h i g h e r c o n c e n t r a t i o n s o f z i n c . S i m i l a r e f f e c t s of i ncreased 
m e t a l c o n c e n t r a t i o n s have a l s o been observed i n f i e l d p o p u l a t i o n s of 
a q u a t i c i n v e r t e b r a t e s ( A r m i t a g e , 1979; A r m i t a g e & B l a c k b u r n , 1985; LaPoint 
e t a l . , 1984). 
There i s a l s o good documentation f o r d i f f e r e n t i a l t o x i c i t y depending 
upon w a t e r c h e m i s t r y a t p a r t i c u l a r s i t e s . The s t u d i e s on Hormidium 
d e s c r i b e d above (Say e t al_. , 1977) were extended t o i n c l u d e t h e e f f e c t s o f 
v a r i o u s o t h e r c h e m i c a l f a c t o r s i n the media (Say & W h i t t o n , 1977). 
Magnesium, c a l c i u m and phosphate a i l reduced s i g n i f i c a n t l y t h e t o x i c i t y o f 
z i n c , w h i l s t y j p H had the r e v e r s e e f f e c t . The e f f e c t o f v a r i o u s n a t u r a l 
c o m p l e x i n g agents such as humic, f u . l v i c and p h e n o l i c a c i d s was t o reduce 
the t o x i c i t y o f z i n c t o Elodea n u t t a l ] i i (van der W e r f f , 1984) and 
i n c r e a s e d c o n c e n t r a t i o n s o f humic a c i d s reduced the t o x i c i t y of cadmium and 
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copper t o Daphnia spp. (Winner, 1984). These l a t t e r two s t u d i e s show t h e 
a p p a r e n t a m e l i o r a t i o n o f t o x i c i t y t o be due t o s p e c i a t i o n o f i o n s o u t s i d e 
t h e organism and t h i s i s an o p i n i o n o f a l a r g e number o f workers a t t h e 
p r e s e n t t i m e (Langston & Bryan, 1984; L a e g r e i d e t a l . , 1984). 
1.322 Movement o f heavy m e t a l s t h r o u g h f r e s h w a t e r ecosystems 
The r e l a t i v e i n s o l u b i l i t y o f heavy m e t a l s (1.222) means t h a t sediments are 
o f t e n an i m p o r t a n t s i n k f o r heavy m e t a l s ( H a r d i n g & W h i t t o n , 1978). They 
may be s u b s e q u e n t l y r e l e a s e d f r o m t h e sediments by biogeochemical c y c l i n g 
( H a m i l t o n - T a y l o r e t a l . , 1984), by t u r b u l e n c e ( E v e r a r d & Denny, 1985a) or 
by u p t a k e by r o o t e d macrophytes (Welsh & Denny, 1976; 1980). Primary 
p r o d u c e r s have been shown t o be i m p o r t a n t f a c t o r s i n t h e r e c y c l i n g o f 
m e t a l s ( H a m i l t o n - T a y l o r e t a l . , 1984; B a c c i n i , 1985). High c o n c e n t r a t i o n s 
o f heavy m e t a l s have been measured i n a wide range o f p r i m a r y p r o d u c e r s : 
p l a n k t o n i c a l g a e (Lund, 1957), f i l a m e n t o u s r i v e r i n e a l g a e ( H a r d i n g & 
W h i t t o n , 1981) and a q u a t i c b r y o p h y t e s (Wehr & W h i t t o n , 1983a), some of 
w h i c h f o r m i m p o r t a n t f o o d sources f o r a q u a t i c i n v e r t e b r a t e s (Cummins, 1975) 
and, i n t u r n , f o r f i s h . Some " b i o c o n c e n t r a t i o n " of metals occurs a l o n g t h e 
f o o d c h a i n ( E v e r a r d & Denny, 1984); however t h e r e i s a l s o evidence f o r 
d i r e c t a b s o r p t i o n o f m e t a l s a c r o s s g i l l s (Voyer e t a l . , 1975) or i n t o eggs 
(Davies e t al^. , 1976). Muscle t i s s u e , t h e main human f o o d from f i s h , 
c o n t a i n s r e l a t i v e l y low c o n c e n t r a t i o n s o f heavy metals ( P h i l l i p s , 1980) and 
t h e r i s k s t o human h e a l t h a r e low except where f i s h f orm a l a r g e p a r t o f 
t h e d i e t . 
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1.33 P h y s i o l o g y o f heavy met a l uptake i n p l a n t s 
1.331 Heavy metals as " e s s e n t i a l " n u t r i e n t s 
There i s good evide n c e t h a t z i n c , copper and p o s s i b l y c o b a l t are 
of 
e s s e n t i a l i n s m a l l q u a n t i t i e s f o r t h e g r o w t h ^ a l l h i g h e r p l a n t s (Mengel & 
K i r k b y , 1982; S a l i s b u r y & Ross, 1978). 
1.332 Mechanism o f c a t i o n uptake 
I n c o n t r a s t t o major n u t r i e n t s , d e t a i l e d s t u d i e s on t h e p h y s i o l o g y of 
uptake o f minor n u t r i e n t s and heavy metals a r e r e l a t i v e l y scarce. I t i s 
w o r t h c o n s i d e r i n g b r i e f l y t he processes by which major n u t r i e n t s are 
accumulated and from these t o s p e c u l a t e on mechanisms o f uptake t h a t may be 
r e l e v a n t t o heavy m e t a l s . A number o f mechanisms f o r c a t i o n accumulation 
have been i d e n t i f i e d : 
i . a d s o r p t i o n o n t o c e l l w a l l s . T h i s i s n o t s t r i c t l y "uptake" (sensu 1.31) 
as t h e i o n s do n o t c r o s s the plasmalemma; a d s o r p t i o n may, i n t u r n , c r e a t e a 
p o t e n t i a l g r a d i e n t ( i i and i i i below) i n t o t h e c e l l by i n c r e a s i n g the 
c o n c e n t r a t i o n o f c a t i o n s and t h e osmotic p r e s s u r e i n t h e r e g i o n a d j a c e n t t o 
th e plasmalemma ( L i i t t g e & Higinbotham, 1979); 
i i . d i f f u s i o n down c o n c e n t r a t i o n g r a d i e n t s ; 
i i i . d i f f u s i o n down e l e c t r o c h e m i c a l g r a d i e n t s . The i n t e r i o r of c e l l s i s 
u s u a l l y s t r o n g l y e l e c t r o n e g a t i v e and t h i s p o t e n t i a l may be m a i n t a i n e d by an 
i o n pump a c t i v e l y e x t r u d i n g c a t i o n s ( e s p e c i a l l y hydrogen). T h i s i s f u e l l e d 
by adenosine t r i p h o s p h a t e (ATP) ( P o o l e , 1978); 
i v . c a t i o n s may be " a c t i v e l y " t r a n s p o r t e d i n t o c e l l s by " c a r r i e r " molecules 
which b i n d t o the i o n , d i f f u s e t h r o u g h the membrane and r e l e a s e the ion on 
the o t h e r s i d e ( L i i t t g e & Higinbotham, 1979). 
The n a t u r e o f t r a n s p o r t o f any p a r t i c u l a r i o n i n a g i v e n 
c i r c u m s t a n c e i s deduced by a p p l y i n g e q u a t i o n s such as t h e Nernst e q u a t i o n 
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t o t h e measured c o n c e n t r a t i o n s i n s i d e and o u t s i d e t h e c e l l and t o t h e 
measured p o t e n t i a l ( L i i t t g e & H l g l n b o t h a m , 1979); however t h e r e are few 
e s t i m a t e s o f t h e c o n c e n t r a t i o n s o f heavy m e t a l s i n t h e cytoplasm w i t h which 
these methods may be used. What i s c l e a r , i s t h a t the r e q u i r e m e n t o f c e l l s 
f o r the " e s s e n t i a l " heavy m e t a l s i s low ( S a l i s b u r y & Ross, 1978) and 
t h a t r e q u i r e d i s s u b s e q u e n t l y bound i n t o enzymes. Zinc i s e s s e n t i a l f o r , 
i n p a r t i c u l a r , c a r b o n i c anhydrase, f o u n d i n c h l o r o p l a s t s (Mengel & K i r k b y , 
1982) and s u p e r o x i d e dismutase ( H e w i t t , 1983). These two enzymes account 
f o r a p p r o x i m a t e l y 17% o f c e l l u l a r z i n c i n s p i n a c h and p a r s l e y . Copper i s a 
c o n s t i t u e n t o f p l a s t o c y a n i n , a c o n s t i t u e n t o f t h e e l e c t r o n t r a n s p o r t c h a i n 
between photosystems I and I I (Mengel & K i r k b y , 1982), superoxide dismutase 
and cytochromes a and a^. These t h r e e enzymes g e n e r a l l y account f o r 
n e a r l y a l l c e l l u l a r copper ( H e w i t t , 1983). Under normal c o n d i t i o n s , 
t h e r e f o r e , t h e c o n c e n t r a t i o n s o f " f r e e " z i n c and copper w i l l be v e r y low. 
Under mo t a l - G t r o s s o d c o n d i t i o n s , p r o d u c t i o n o f low m o l e c u l a r weight 
p r o t e i n s such as m e t a l l o t h i o n i n s (Rauser & C u r v e t t o , 1980) and o t h e r 
complexing agents (Mathys, 1977; G r i l l et a l . , 1985) may be induced: these 
a g a i n a c t t o decrease t h e c o n c e n t r a t i o n i n t h e cytoplasm. 
Low c y t o p l a s m i c c o n c e n t r a t i o n s , c o u p l e d w i t h the e l e c t r o n e g a t i v i t y 
of c e l l s may a c t t o make c o n d i t i o n s g e n e r a l l y f a v o u r a b l e f o r the " p a s s i v e " 
a c c u m u l a t i o n of heavy m e t a l s by a q u a t i c p l a n t s . As t h e r e i s an e x p e n d i t u r e 
of energy i n the maintenance o f these c o n d i t i o n s , t h e r e may be an apparent 
r e l i a n c e of uptake on metabolism. S i m i l a r l y , P a r r y and Hayward (1973), i n 
a s t u d y of z i n c uptake by the v o l v o c a l e D u n a l i e l l a t e r t i o l e c t a concluded 
t h a t some exp e r i m e n t s t h a t d e m o n s t r a t e d " a c t i v e " t r a n s p o r t may i n f a c t be 
a r t e f a c t s of pK changes i n the media due t o metabolism. 
In s t u d i e s d e a l i n g w i t h heavy m e t a l s t h e r e has been much emphasis upon 
th e r o l e of t h e c e l l w a l l i n t h e p r e l i m i n a r y stages of uptake. This i s not 
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always a vi e w h e l d by c o n v e n t i o n a l p l a n t p h y s i o l o g i s t s , however Mengel and 
K i r k b y (1982) n o t e d t h a t t h e c a l c i u m c o n t e n t o f p l a n t s I s c a u s a l l y 
connected w i t h t h e i r c a t i o n exchange c a p a c i t y . Calcium i s a u s e f u l 
analogue o f heavy m e t a l s i n many ways; i t i s a minor n u t r i e n t which i s 
g e n e r a l l y e x c l u d e d f r o m t h e cyt o p l a s m (Marme, 1983) and i t i s a l s o d i v a l e n t 
w i t h a s t r o n g tendency t o adsorb. C a t i o n s such as potassium, w h i l s t o f 
more i n t e r e s t t o p l a n t p h y s i o l o g i s t s , a r e l e s s l i k e l y t o adsorb onto t h e 
c e l l w a l l . 
An e x t e n s i o n t o t h i s h y p o t h e s i s i s p r o v i d e d by Peterson (1969) who 
showed t h a t t h e c o n c e n t r a t i o n o f z i n c i n t h e c e l l w a l l s o f A g r o s t i s t e n u i s 
i n c r e a s e d as t h e p l a n t s t o l e r a n c e t o z i n c i n c r e a s e d . S i m i l a r r e s u l t s were 
o b t a i n e d by Tur n e r and M a r s h a l l ( 1 9 7 2 ) , i n d i c a t i n g t h a t t he c e l l w a l l s of 
these p l a n t s may be p h y s i o l o g i c a l l y adapted as a t o l e r a n c e mechanism. 
E x c l u s i o n mechanisms have a l s o been found i n some algae ( F o s t e r , 1977). 
I f t h e s e t h e o r i e s r e g a r d i n g t h e r o l e o f t h e c e l l w a l l a r e c o r r e c t then 
t h e y may, i n t u r n , h e l p t o e x p l a i n t h e r o l e o f c a l c i u m i n m e d i a t i n g metal 
a c c u m u l a t i o n . Wehr and W h i t t o n (1983a) found c a l c i u m c o n c e n t r a t i o n s i n 
p l a n t s and water t o be a major f a c t o r c o n t r o l l i n g metal a c c u m u l a t i o n by 
Rhynchostegium; such a f i n d i n g may r e l a t e t o c o m p e t i t i o n a t c e l l w a l l 
exchange s i t e s . 
R i t c h i e and Larkum (1984) used e f f l u x - t y p e experiments w i t h r a d i o a c t i v e 
t r a c e r s t o s t u d y t h e s i z e o f t h e c e l l w a l l compartment i n Enteromorpha 
i n t e s t i n a l i s . These i n d i c a t e d t h a t i n t h i s s p e c i e s t h e c e l l w a l l 
compartment was l a r g e and exchange o c c u r r e d over a l o n g e r time p e r i o d than 
m i g h t have been p r e d i c t e d . T h i s was an i n t e r e s t i n g r e s u l t ; many p r e v i o u s 
workers had assumed t h a t c e l l w a l l exchange was a r a p i d process, l a s t i n g a 
m a t t e r o f a few minutes and i n some s p e c i e s such as Sphagnum (Clymo, 1963) 
t h i s was shown t o be so. The r e l e v a n c e o f R i t c h i e and Larkum's r e s u l t i s 
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t h a t i t enables processes e x t e n d i n g over much l o n g e r p e r i o d s t o be 
i n t e r p r e t e d i n terms o f c e l l - w a l l exchange, a l t h o u g h n o t a l l of t h i s i s 
cat i o n - e x c h a n g e per se. 
There i s good agreement t h a t t h e p r e l i m i n a r y stages of metal uptake a r e 
due t o exchange a d s o r p t i o n ( P i c k e r i n g & Puia , 1969; Jastrow & Koeppe, 1980; 
Mengel & K i r k b y , 1982); however t h e r e i s disagreement as t o whether or n o t 
subsequent a c c u m u l a t i o n i s " a c t i v e " o r " p a s s i v e " . C u t l e r and Rains (1974) 
i n t e r p r e t t h e e f f e c t s o f t e m p e r a t u r e , a n a e r o b i c c o n d i t i o n s and m e t a b o l i c 
i n h i b i t o r s as a f f e c t i n g the s e q u e s t r a t i o n o f cadmium subsequent t o 
d i f f u s i o n a c r o s s t h e plasmalemma. The term " m e t a b o l i c a l l y c o n t r o l l e d " may 
be a s u i t a b l e compromise between t h e a p p a r e n t l y f a v o u r a b l e c o n d i t i o n s f o r 
p a s s i v e uptake (see above) and t h e m e t a b o l i c processes which are a s s o c i a t e d 
w i t h t h i s . 
1.4 HEAVY METALS AND BRYOPHYTES 
1.41 I n t r o d u c t i o n 
A l a r g e p r o p o r t i o n o f s t u d i e s on heavy me t a l s and bryophytes are 
concerned w i t h t e r r e s t r i a l s p e c i e s ; i t i s w o r t h w h i l e , t h e r e f o r e , t o 
c o n s i d e r b r i e f l y t h e s e s t u d i e s b e f o r e making a more d e t a i l e d a n a l y s i s of 
e x i s t i n g l i t e r a t u r e on heavy metals and a q u a t i c b r y o p h t y e s . 
1.42 Heavy m e t a l s and t e r r e s t r i a l b r y o p h y t e s 
There has been c o n s i d e r a b l e i n t e r e s t i n th e a c c u m u l a t i o n of heavy metals 
by b r y o p h y t e s and t h e i r e f f e c t . Cryptogams were f r e q u e n t l y found t o be 
conspicuous elements of t h e f l o r a on minora] v e i n s ( S h a c k l e t t e , 1965; 
P u r v i s & James, 1985). One genus o f moss, M i e l i c h h o f e r l a . the s o - c a l l e d 
"copper moss" was c o n f i n e d t o c o p p e r - r i c h s u b s t r a t e s (Hartman. 1969), 
a l t h o u g h subsequent r e s u l t s have i n d i c a t e d t h a t i t i s pr o b a b l y h i g h 
34 
c o n c e n t r a t i o n s o f s u l p h u r compounds r a t h e r t h a n copper i t s e l f which 
d e t e r m i n e s t h e d i s t r i b u t i o n ( W i l k i n s , 1977). There has a l s o been much 
i n t e r e s t i n t h e responses o f cryptogams t o a i r p o l l u t i o n . Both l i c h e n s 
(Hawksworth & Rose, 1976) and b r y o p h y t e s were used t o m o n i t o r gaseous 
p o l l u t i o n ( G i l b e r t , 1968; S y r a t t & W a n s t a l l , 1969; LeBlanc & Rao, 1974) and 
s u b s e q u e n t l y a l s o a i r b o r n e heavy metaJ p o l l u t i o n (Goodman e t a l . , 1977; Rao 
e t al.. , 1977). The s t u d i e s o f these two c o n t r a s t i n g sources o f p o l l u t i o n 
have been u n i f i e d by r e c e n t t h e o r i e s c o n c e r n i n g t h e mechanism of 
a c c u m u l a t i o n o f heavy m e t a l s ( 3 . 4 3 3 ) . 
1.43 A q u a t i c b r y o p h y t e s and heavy metals 
1.431 A c c u m u l a t i o n s t u d i e s 
Severa] s t u d i e s have documented heavy me t a l a c c u m u l a t i o n by a q u a t i c 
b r y o p h y t e s . A g a i n , these encompass b o t h b i o g e o c h e m i c a l p r o s p e c t i n g and 
p o l l u t i o n m o n i t o r i n g . Composite samples of up t o f i v e species of a q u a t i c 
b r y o p h y t e and peat samples suspended i n the r i v e r i n mesh bags were b o t h 
r e l i a b l e i n d i c a t o r s o f uranium m i n e r a l i z a t i o n i n t h e catchment, w h i l s t 
samples o f stream water were u n r e l i a b l e (Whitehead & Brooks, 1969). 
Streams d r a i n i n g l e a d - z i n c mines i n W. Wales were t h e s u b j e c t of s t u d i e s by 
MacLean and Jones ( 1 9 7 5 ) , B u r t o n and Peterson (1979) and Jones e t al. 
( 1 9 8 5 ) . C o n c e n t r a t i o n s o f z i n c and lead i n water were h i g h (up t o 27.5 mg 
z i n c and 1.7 mg 1 '^  Jead). C o n c e n t r a t i o n s o f z i n c i n bryophytes were 
up t o 1950 ng g i n Scapania u n d u l a t a (MacLean & Jones, 1975) and 7023 ug 
g " i n P h i l o n o t i s f o n t a n a ( B u r t o n & P e t e r s o n , 1979) and of le a d up t o 
14825 pg g i n Scapania unduJata (MacLean & Jones, 1975) and 15940 pg g ^ 
i n Jungermannia g r a c i l l i m a (as Solenostoma g r a c i l l i m a ; Burton & Peterson, 
1979). Higher c o n c e n t r a t i o n s were found i n Rhynchostegium r i p a r i o i d e s i n 
the R. Etherow, N. England, (Say e t a l . , 1981) and by Empain (1976) and 
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Mouvet (1985) w o r k i n g on i n d u s t r i a l l y p o l l u t e d r i v e r s i n France. Say e t 
a l . (1981) a t t e m p t e d t o c o r r e l a t e c o n c e n t r a t i o n s found i n mosses w i t h 
c o n c e n t r a t i o n s i n water and i n sediments and w h i l s t c o r r e l a t i o n s between 
mosses and w a t e r were g e n e r a l l y s i g n i f i c a n t , c o r r e l a t i o n s between mosses 
and sediment were e i t h e r i n s i g n i f i c a n t o r o n l y s l i g h t l y s i g n i f i c a n t . 
Subsequent r e s e a r c h has extended t h e above work t o develop databases on t h e 
a c c u m u l a t i o n o f a range o f heavy m e t a l s by Scapania u n d u l a t a ( W h i t t o n e t 
a l . , 1982), F o n t i n a l i s a n t i p y r e t i c a (Say & W h i t t o n , 1983) and 
Rhynchostegium r i p a r i o i d e s (Wehr & W h i t t o n , 1983a). Decreased a c c u m u l a t i o n 
a t low pH's has been demonstrated i n acid-^etressed streams i n S c o t l a n d 
(Caines e t a l . , 1985). 
1.432 T o x i c i t y o f heavy m e t a l s t o a q u a t i c b r y o p h y t e s 
There a r e r e l a t i v e l y few s t u d i e s on m e t a l t o x i c i t y t o a q u a t i c b r y o p h t e s . 
Rhynchostegium r i p a r i o i d e s , Scapania u n d u l a t a and, t o a l e s s e r e x t e n t , 
F o n t i n a l i s a n t i p y r e t i c a have been r e c o r d e d over a wide range of a q u a t i c 
m e t a l c o n c e n t r a t i o n s ( 1 . 4 3 1 ) , a l t h o u g h p o p u l a t i o n s i n h e a v i l y p o l l u t e d 
reaches may be g e n e t i c a l l y adapted t o these environments. F i e l d 
t r a n s p l a n t s o f F o n t i n a l i s squamosa and Scapania u n d u l a t a from u n p o l l u t e d t o 
p o l l u t e d reaches o f t h e R. Y s t w y t h caused d e g r a d a t i o n of the c h l o r o p h y l l 
pigments (measured as c h l o r o p h y l l : p h a e o p h y t i n r a t i o ) a f t e r exposure f o r 
t e n weeks (MacLean & Jones, 1975). F a s t e r changes were observed i n 
l a b o r a t o r y e x p e r i m e n t s u s i n g t h r e e s p e c i e s of F o n t i n a l i s . Rhynchostegium 
r i p a r i o i d e s and Amhlystegium f l u v i a t i l e (Glime & Keen, 1984). 
Rhynchostegium was t h e most t o l e r a n t , f o l l o w e d by Amblystegium and the 
F o n t i n a l i s s p e c i e s . 
The c r i t i c a l c o n c e n t r a t i o n s are r e l a t i v e l y h i g h when bryophytes are 
compared w i t h o t h e r groups o f p l a n t s ; Weise e t a l . (1985) measured 
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r e d u c t i o n s i n t h e n a t u r a l r a t e s o f p h o t o s y n t h e s i s i n F o n t i n a l i s 
a n t i p y r e t i c a o n l y above 1.0 mg 1 ^ z i n c and Sommer and W i n k l e r (1982) 
n o t e d r e d u c t i o n s i n p h o t o s y n t h e s i s i n F. a n t i p y r e t i c a a t s i m i l a r 
c o n c e n t r a t i o n s o f cadmium and copper. Calcium had an a m e l i o r a t i n g e f f e c t 
on t o x i c i t y (Sommer & W i n k l e r , 1982). 
1.433 Mechanism o f uptake o f heavy me t a l s by b r y o p h y t e s 
A l a r g e c a t i o n exchange c a p a c i t y has been w i d e l y quoted as a major 
f a c t o r c o n t r o l l i n g heavy me t a l a c c u m u l a t i o n by bry o p h y t e s ( R i i h l i n g & T y l e r , 
1970; R i c h a r d s o n , 1981). There i s i n c r e a s i n g evidence, however, t h a t a 
s i g n i f i c a n t p a r t o f t h e heavy m e t a l measured i n p l a n t s may be i n o t h e r 
compartments: t r a p p e d as p a r t i c u l a t e s i n and between leaves; d i s c r e t e 
p r e c i p i t a t e s w i t h i n t h e c e l l w a l l and i n s i d e t h e c e l l . 
The problem o f p a r t i c u l a t e t r a p p i n g i s fundamental t o s t u d i e s on heavy 
m e t a l u p t a k e . How many " r e s u l t s " a r e merely a r t e f a c t s o f inadequate 
washing o f samples? Mats o f t e r r e s t r i a l b r y o p h y t e s have p a r t i c u l a r l y 
e f f e c t i v e m o r p h o l o g i e s f o r p a r t i c u l a t e t r a p p i n g " w i t h l a r g e 
s u r f a c e area : volume r a t i o s (Brown, 1984). Methods f o r " d e t e c t i n g " 
p a r t i c u l a t e c o n t a m i n a t i o n i n c l u d e measurement o f ash we i g h t as a p r o p o r t i o n 
of t h e d r y w e i g h t ; S h a c k l e t t e (1965) used ash w e i g h t s o f g r e a t e r than 10% 
as i n d i c a t i v e o f c o n t a m i n a t i o n . An a l t e r n a t i v e Js measurement of the r a t i o 
o f i r o n and t i t a n i u m , h i g h c o n c e n t r a t i o n s o f t i t a n i u m i n d i c a t i n g 
p a r t i c u l a t e c o n t a m i n a t i o n ( M i t c h e l l , 1960; Richardson, 1981). Such 
" c o n t a m i n a t i o n " may, however, be the f i r s t s tage o f t r u e uptake. 
O b s e r v a t i o n s o f b r y o p h y t e c e l l w a l l s from m e t a l - e n r i c h e d environments 
u s i n g t r a n s m i s s i o n e l e c t r o n microscopy has r e v e a l e d the presence of 
e l e c t r o n dense d e p o s i t s i n t h e c e l l w a l l . These have been subsequently 
c o n f i r m e d t o be m e t a l - r i c h d e p o s i t s u s i n g e l e c t r o n microprobe techniques 
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(Mouvet, 1984; Satake & Miyasaka, 1984). Satake e t a l . (1983) c o n f i r m e d 
p a r t i c l e s i n Jungermannia v u l c a n l c o l a from m e r c u r y - e n r i c h e d streams t o be 
s u l p h i d e s o f mercury, a l t h o u g h t h e reason why these a r e d e p o s i t e d remains 
u n c l e a r . 
The i m p o r t a n c e o f cat i o n - e x c h a n g e i n b r y o p h y t e s has been mentioned above 
( 1 . 3 3 2 ) . Clymo's (1963) i n v e s t i g a t i o n a l s o showed b r y o p h y t e s t o have h i g h 
c o n c e n t r a t i o n s o f u n e s t e r i f l e d p o l y u r o n l c a c i d s , t h e most l i k e l y s i t e s o f 
ion-exchange i n t h e c e l l w a l l s , compared w i t h h i g h e r p l a n t s . T h i s emphasis 
upon e x t r a c e l l u l a r a c c u m u l a t i o n by subsequent i w r k e r s has tended t o p l a y 
down t h e r o l e o f i n t r a c e l l u l a r uptake o f heavy m e t a l s . D i f f e r e n t m e t a b o l i c 
e f f e c t s have been i n v e s t i g a t e d ; l i g h t had no i n f l u e n c e on metal 
a c c u m u l a t i o n by b r y o p h y t e s . N e i t h e r z i n c a c c u m u l a t i o n by F o n t i n a l i s 
a n t i p y r e t i c a ( P i c k e r i n g & P u i a , 1969) or cadmium uptake by R h y t i d i a d e l p h u s 
s q u a r r o s u s (Brown & B e c k e t t , 1985) were a f f e c t e d , a l t h o u g h cadmium uptake 
by t h e l i c h e n P e l t i g e r a ( B e c k e t t & Brown, 1984) was reduced i n t h e dark 
and by d a r k p r e t r e a t m e n t . I n c r e a s e d t e m p e r a t u r e caused i n c r e a s e d z i n c 
u p t a k e by F o n t i n a l i s a n t i p y r e t i c a ( P i c k e r i n g & Puia, 1969). 
1.5 BIOLOGICAL MONITORS OF HEAVY EIETAL POLLUTION 
1.51 D e f i n i t i o n s and scope o f b i o l o g i c a l m o n i t o r i n g 
The t e r m " b i o l o g i c a l m o n i t o r i n g " has been a p p l i e d t o a l a r g e number o f 
s i t u a t i o n s where a b i o l o g i c a l response i s used t o dete r m i n e t h e e f f e c t o f 
chan g i n g e n v i r o n m e n t a l c o n d i t i o n s ( H e r r i c k s & S c h a e f f e r , 1985). A fevj 
w o r k e r s have a t t e m p t e d t o f o r m a l i z e t e r m i n o l o g y . There i s , f o r example, a 
d i s t i n c t i o n between " i n d i c a t o r s " which a r e e s s e n t i a l l y q u a l i t a t i v e and 
" m o n i t o r s " which a r e more q u a n t i t a t i v e (Bonde, 1977; W h i t t o n , 1984). A 
t h i r d major group a r e t e s t organisms which a r e used p r i m a r i l y i n t h e 
l a b o r a t o r y t o e v a l u a t e and p r e d i c t p o s s i b l e e n v i r o n m e n t a l e f f e c t s . 
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H e r r i c k s and S c h a e f f e r (1985) d e f i n e t h e f i e l d - o r i e n t a t e d and l a b o r a t o r y -
o r i e n t a t e d t e c h n i q u e s as bioassessement and b i o a s s a y s r e s p e c t i v e l y . 
B i o l o g i c a l assessment may be f u r t h e r s u b d i v i d e d (Mason, 1981) i n t o surveys 
( t o d e f i n e p a t t e r n s o f v a r i a t i o n i n s p a c e ) ; s u r v e i l l a n c e ( t h e repeated 
measurement of v a r i a b l e s i n o r d e r t o d e t e c t t r e n d s ) and m o n i t o r i n g . 
A nother f u n d a m e n t a l d i v i s i o n o f b i o l o g i c a l m o n i t o r i n g t e c h n i q u e s i s 
i n t o methods which supplement chemical and p h y s i c a l analyses and methods 
which may r e p l a c e c o n v e n t i o n a l a n a l y s e s . T h i s d i v i s i o n i s l e s s c l e a r c u t 
and depends i n p a r t upon t h e l e v e l s of t e c h n o l o g y a v a i l a b l e . 
B i o l o g i c a l approaches t o m o n i t o r i n g t h e environment are n o t new. 
C a i r n s (1984) l i s t s h i s t o r i c a l examples o f b i o l o g i c a l m o n i t o r i n g which 
i n c l u d e t h e k i n g ' s wine t a s t e r and c a n a r i e s i n c o a l mines, to d e t e c t 
a n t h r o p o g e n i c a l l y - i n t r o d u c e d t o x i n s and n a t u r a l l y o c c u r r i n g carbon monoxide 
r e s p e c t i v e l y . A l a r g e p r o p o r t i o n o f p o l l u t i o n i s b i o l o g i c a l i n o r i g i n and 
" b i o l o g i c a l " methods have been t h e t r a d i t i o n a l approach. Examples of such 
t e c h n i q u e s i n c l u d e t h e a n a l y s i s o f water f o r pathogens, d a t i n g from the 
work o f Koch i n t h e l a s t c e n t u r y (Bonde, 1977), b i o c h e m i c a l oxygen demand 
and t h e s a p r o b i c system o f K o l k w i t z and Marsson (1908, 1909), a b i o t i c 
index based on a s s o c i a t i o n s o f p a r t i c u l a r taxonomic groups (Wilhm, 1975). 
The m a j o r i t y o f f i e l d - o r i e n t a t e d b i o l o g i c a l m o n i t o r i n g t e c h n i q u e s i n 
use a r e based upon community s t r u c t u r e . The e f f e c t s of o r g a n i c p o l l u t i o n 
i n U.K. r i v e r s are assessed u s i n g a v a r i e t y o f i n d i c e s , the T r e n t B i o t i c 
Index (Woodiwiss, 1964) and the Chandler B i o t i c Index (Chandler, 1970; 
Hargreaves e t a j ^ . , 1979) b e i n g t h e two most common (Mason, 1981). The 
d i f f e r e n t c a t e g o r i e s o f organisms r e f l e c t d i f f e r i n g t o l e r a n c e t o o r g a n i c 
p o l l u t i o n , from P l e c t o p t e r a ( l e a s t t o l e r a n t ) t o c h i r o n o m i d Jarvae (most 
t o l e r a n t ) . Other forms o f p o l l u t i o n , such as heavy m e t a l s , may g i v e 
d i s t o r t e d r e s u l t s ( H e l l a w e l l , 1978). D i v e r s i t y i n d i c e s , r e f l e c t i n g a more 
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g e n e r a l " l e v e l " o f e n v i r o n m e n t a l s t r e s s , a r e b e t t e r s u i t e d t o these 
s i t u a t i o n s ( H e l l a w e l l , 1978; Mason, 1981) and a number o f these have a l s o 
been developed ( A r m i t a g e e t a l . . , 1983). B i o l o g i c a l methods f o r d e t e c t i n g 
o t h e r forms o f p o l l u t i o n , a l t h o u g h common i n t h e s c i e n t i f i c l i t e r a t u r e , 
have had l e s s impact on Water A u t h o r i t y b i o l o g i s t s . 
1.52 B i o l o g i c a l m o n i t o r s o f heavy m e t a l s 
1.521 I n t r o d u c t i o n 
The remainder o f t h i s s e c t i o n w i l l c o n s i d e r b i o l o g i c a l m o n i t o r i n g o f 
heavy m e t a l s w i t h r e f e r e n c e t o f r e s h w a t e r s b u t , a g a i n , i n c l u d i n g o t h e r 
r e f e r e n c e s where r e l e v a n t . As commented above (1.51) these methods have 
n o t been so r e a d i l y adopted as methods d e a l i n g w i t h o r g a n i c p o l l u t i o n . I n 
o r d e r t o adopt t h e s e b i o l o g i c a l t e c h n i q u e s as " s t a n d a r d " methods a l o n g s i d e 
c o n v e n t i o n a l c h e m i c a l a n a l y s e s and t h e few b i o l o g i c a l methods t h a t have 
been w i d e l y a c c e p t e d , genuine advantages must be demonstrated. The t i m e , 
t h e c o s t and t h e l e v e l o f t e c h n i c a l ( i n c l u d i n g taxonomic) a b i l i t y r e q u i r e d 
a r e a l l i m p o r t a n t c o n s i d e r a t i o n s . 
1.522 I n v e r t e b r a t e s 
D e s p i t e r e s e r v a t i o n s as t o t h e a p p l i c a b i l i t y o f b i o t i c i n d i c e s i n 
m o n i t o r i n g heavy m e t a l p o l l u t i o n ( H e l l a w e l l , 1977; Mason, 1981), Solbe 
(1977) found b o t h t h e T r e n t and Chandler b i o t i c i n d i c e s t o be s u i t a b l e f o r 
m o n i t o r i n g z i n c p o l l u t i o n i n W i l l o w Brook, N o r t h a m p t o n s h i r e . Other workers 
have used d i v e r s i t y i n d i c e s ( C a i r n s , 1979) o r have performed more d e t a i l e d 
s t u d i e s c o n c e n t r a t i n g on t h e r e l a t i v e t o l e r a n c e s o f p a r t i c u l a r taxonomic 
groups ( A r m i t a g e , 1980; A r m i t a g e & B l a c k b u r n , 1985; N o r r i s e t a j . . , 1982). 
The n a t u r e o f t h i s t y p e o f s t u d y l i m i t s i t s p r a c t i c a l use t o i n d i v i d u a l s 
f a m i l i a r w i t h i n v e r t e b r a t e taxonomy a t t h e f a m i l y l e v e l or below. 
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S e v e r a l s t u d i e s , b o t h marine (Brooks & Rumsby, 1965) and f r e s h w a t e r 
(Burrows & W h i t t o n , 1984; E v e r a r d & Denny, 1984) have r e p o r t e d t h e a b i l i t y 
o f i n v e r t e b r a t e s t o accumulate heavy m e t a l s . R o u t i n e use o f i n v e r t e b r a t e s 
i n t h i s way, however, i s l i m i t e d by t h e need t o a l l o w them a p e r i o d t o ve n t 
t h e i r g u t c o n t e n t s (Say e t a l . , 1986). W h i l s t t h i s may be a c o n s t r a i n t , 
t h e r e a r e some s i g n i f i c a n t advantages o f c e r t a i n t y p e s o f i n v e r t e b r a t e -
based a c c u m u l a t i o n s t u d i e s e x e m p l i f i e d by Bryan and Hummerstone's (1977) 
s t u d y i n t h e Looe e s t u a r y , C o r n w a l l T h i s made use o f organisms from 
d i f f e r e n t " n i c h e s " t o i n d i c a t e s i l v e r and l e a d p o l l u t i o n i n d i f f e r e n t 
c h e m i c a l f r a c t i o n s o f t h e env i r o n m e n t . 
1.523 P l a n t s 
I n c r e a s i n g e n v i r o n m e n t a l s t r e s s i s o f t e n a s s o c i a t e d w i t h decreased 
s p e c i e s r i c h n e s s ( W h i t t a k e r , 1975); t h i s has been observed w i t h i n c r e a s e d 
c o n c e n t r a t i o n s o f heavy m e t a l s i n t h e environment ( W h i t t o n & Diaz, 1980; 
Say & W h i t t o n , 1980). Such a t e c h n i q u e i s n o t , however, an e x c l u s i v e 
m o n i t o r f o r heavy m e t a l s and a more p r a c t i c a l approach i s t o observe 
changes i n s e l e c t e d items o f t h e b i o t a . W h i t t o n ( 1 9 8 4 ) , f o r example, notes 
t h a t b o t h S t i g e o c l o n i u m tenue and Cladophora g l o m e r a t a a r e common i n 
e u t r o p h i c r i v e r s i n temperate r e g i o n s ; t h e l a t t e r , however, i s v e r y 
i n t o l e r a n t t o heavy m e t a l s and t h e presence o f S t i g e o c l o n i u m alone i s 
f r e q u e n t l y a s s o c i a t e d w i t h e l e v a t e d c o n c e n t r a t i o n s o f heavy metals. 
W h i l s t t h e r e a r e few s t u d i e s l i k e t h a t o f F o s t e r (1982) w i t h d e t a i l e d 
a n a l y s i s o f p l a n t community s t r u c t u r e , t h e r e have been s e v e r a l a t t e m p t s t o 
q u a n t i f y c o l o n i z a t i o n o f a r t i f i c i a l s u b s t r a t e s by al g a e . Deniseger e t al_. 
(1986) r e p o r t a r e c e n t example o f t h i s u s i n g g l a s s microscope s l i d e s as the 
s u b s t r a t u m . B a c i l l a r i o p h y t a were dominant above and below a l e a d , z i n c and 
copper mine b u t C h l o r o p h y t a (Mougeotia and U l o t h r i x ) were v i r t u a l l y absent 
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a t t h e downstream s i t e ; an i n t e r e s t i n g o b s e r v a t i o n I n t h e l i g h t o f 
P a t t e r s o n and W h i t t o n ( 1 9 8 1 ) . Species d i v e r s i t y , s p ecies evenness and a 
d i s s i m i l a r i t y i n d e x were a l s o c a l c u l a t e d t o compare t h e s i t e s ; these showed 
s t r o n g d i f f e r e n c e s between s i t e s d u r i n g t h e summer. D i v e r s i t y o f a l g a l 
s p e c i e s has been r e p o r t e d t o be l o w e s t c l o s e s t t o t h e source o f p o l l u t i o n 
( A u s t i n & D e n i s e g e r , 1985). 
A second approach i s t o use p l a n t s as a c c u m u l a t o r s and t h e r e i s a v e r y 
l a r g e l i t e r a t u r e on t h i s . There a r e s e v e r a l advantages o f p l a n t s over 
a n i m a l s and sediments and i n some i n s t a n c e s t h e y may be more p r a c t i c a b l e 
than s t r a i g h t f o r w a r d w a t e r samples ( W h i t t o n e t a l . , 1981). Amongst these 
advantages a r e t h e i r h i g h l e v e l s o f a c c u m u l a t i o n , t h e i r ease o f c o l l e c t i o n , 
s t o r a g e and t r a n s p o r t compared w i t h w a t e r samples, p o s s i b l e i n d i c a t i o n o f 
i n t e r m i t t e n t p o l l u t i o n e v e n t s and i n d i c a t i o n o f t h e f r a c t i o n o f a metal 
l i k e l y t o a f f e c t b i o t a . P l a n t s a r e l e s s m o b i l e than i n v e r t e b r a t e s and do 
n o t r e q u i r e a d d i t i o n a l t i m e t o v e n t g u t c o n t e n t s . Accumulation o f heavy 
m e t a l s by v i r t u a l l y e v e r y group o f a q u a t i c p l a n t has been r e p o r t e d ; these 
i n c l u d e a l g a e (Keeney e t a l . , 1976; Johnson e t a l • , 1978; H a r d i n g & 
W h i t t o n , 1981), b r y o p h y t e s (MacLean & Jones, 1975; B u r t o n & Peterson, 1979; 
Say e t a l . , 1981), p t e r i d o p h y t e s (Paschal & McNamara, 1975) and angiosperms 
(Heisey and Damman, 1982; Fayed & Abd-El-Shafy, 1985; Staves & Knaus, 
1985). Lower p l a n t s have an o b v i o u s advantage i n t h a t a l l m i n e r a l s may be 
assumed t o d e r i v e f r o m t h e w a t e r , w h i l s t i n r o o t e d h i g h e r p l a n t s t h e r e i s 
evidence (Denny, 1972) t h a t m i n e r a l s may d e r i v e f r o m both t h e s u b s t r a t e and 
t h e water and may be t r a n s l o c a t e d w i t h i n t h e p l a n t . These f e a t u r e s may 
themselves be used i n a more s o p h i s t i c a t e d m o n i t o r i n g system; Welsh & Denny 
(1980) n o t e d t h a t w h i l s t copper was t r a n s l o c a t e d from the r o o t t o the 
s h o o t , l e a d was n o t . E n t r y o f l e a d i n t o t h e shoot was shown t o be the 
42 
r e s u l t o f s t i r r i n g o f t h e sediments under t u r b u l e n t c o n d i t i o n s ( E v e r a r d & 
Denny, 1985a; 1985b). 
I t i s p e r t i n e n t t o end t h i s s e c t i o n w i t h some examples of s i t u a t i o n s 
where p l a n t s have p l a y e d a p o s i t i v e r o l e i n a q u a t i c m o n i t o r i n g . Two o f 
these s t u d i e s concern a q u a t i c mosses and t h e t h i r d d e a l s w i t h e s t u a r i n e 
Enteromorpha. Say and W h i t t o n (1983) c o l l e c t e d samples of water and 
F o n t i n a l i s a n t i p y r e t i c a from below an i n t e r m i t t e n t z i n c d i s c h a r g e on t h e R. 
Wear, near F r o s t e r l e y . The c o n c e n t r a t i o n o f a q u a t i c z i n c was low and 
showed l i t t l e v a r i a t i o n f o r some 50 km below t h e e f f l u e n t . The 
c o n c e n t r a t i o n o f z i n c i n 2-cm t i p s o f F o n t i n a l i s was much h i g h e r near t h e 
source o f t h e p o l l u t i o n and decreased g r a d u a l l y downstream. The h i g h 
c o n c e n t r a t i o n s i n t h e moss presumably r e f l e c t p e r i o d s when t h e z i n c 
c o n c e n t r a t i o n i n t h e water was much h i g h e r . A s i m i l a r type of st u d y was 
conducted by Mouvet (1985) u s i n g C i n c l i d o t u s danubicus t o d e t e c t d i s c h a r g e s 
o f copper a t f o u r s i t e s a l o n g t h e R. Bienne, France. The use o f b i o l o g i c a l 
m o n i t o r s i n e s t u a r i e s i s e q u a l l y e f f e c t i v e . F l u c t u a t i n g water l e v e l s and 
ch e m i c a l c o m p o s i t i o n makes c o n v e n t i o n a l water samples d i f f i c u l t t o 
i n t e r p r e t , however H a r d i n g (1980) used a n a l y s e s o f Enteromorpha t o g i v e an 
i n t e g r a t e d r e c o r d o f p o l l u t i o n i n t h e Mersey e s t u a r y . 
1.524 Use o f moss-bags 
The use o f mesh bags f o r e x p e r i m e n t a l t r a n s p l a n t s i s n o t new. They 
have been used w i d e l y i n d e c o m p o s i t i o n s t u d i e s (Sharma & Goel, 1986) and i n 
s t u d i e s o f o r g a n i c p o l l u t i o n ( S t a n d i n g Committee o f A n a l y s t s , 1983). I n 
s t u d i e s o f a i r p o l l u t i o n t h e y were packed w i t h Sphagnum which was teased 
o u t t o i n c r e a s e t h e s u r f a c e area and suspended a t known h e i g h t s above t h e 
ground f o r l o n g p e r i o d s o f t i m e (Goodman e t a l . , 1977). Whether t h i s 
c o n s t i t u t e s a t r u l y b i o l o g i c a l method i s d e b a t a b l e as t h e Sphagnum was 
43 
o v e n - d r i e d and washed p r i o r t o use. I t was, however, a n o v e l t e c h n i q u e and 
q u i t e w i d e l y used. 
S i m i l a r l y , t h e i r use i n a q u a t i c m o n i t o r i n g i s n o t new. Mention has 
a l r e a d y been made o f Whitehead and Brooks' (1969) s t u d y and i t i s p r o b a b l e 
t h a t s e v e r a l w a t e r management bod i e s i n d i f f e r e n t p a r t s of t h e w o r l d are 
u s i n g o r have used s i m i l a r t e c h n i q u e s . The p r i n c i p l e advantage i s i n b e i n g 
a b l e t o use b r y o p h y t e m o n i t o r i n g t e c h n i q u e s t h a t have a l r e a d y been 
developed ( e . g . Wehr & W h i t t o n , 1983a; Wehr e t a l . , 1983) i n s i t u a t i o n s 
where t h e r e a r e no i n d i g e n o u s p o p u l a t i o n s o f b r y o p h y t e s . At o t h e r s i t e s , 
i n f o r m a t i o n r e g a r d i n g t h e n a t u r e o f p o l l u t i o n may be b e t t e r c o l l e c t e d u s i n g 
t r a n s p l a n t e d r a t h e r t h a n i n s i t u mosses. Another major advantage i s i n 
b e i n g a b l e t o f u l l y s t a n d a r d i z e a l l aspects o f t e c h n i q u e , from c o l l e c t i o n 
o f t h e moss, t h r o u g h t h e l e n g t h o f exposure and the c o n d i t i o n s o f exposure 
i n t h e r i v e r , t o d i g e s t i o n and a n a l y s i s . 
1.6 GROWTH OF AQUATIC BRYOPHYTES 
The g r o w t h r a t e o f a q u a t i c b r y o p h y t e s has been t h e s u b j e c t o f r e l a t i v e l y 
few s t u d i e s g i v e n t h e i r i m p o r t a n c e i n n u t r i e n t c y c l i n g (Meyer, 1979), as 
s u b s t r a t a f o r i n v e r t e b r a t e s (Gllme & Clemens, 1972) and i n t u f a - f o r m a t i o n 
( P e n t e c o s t , 1981). Of more p a r t i c u l a r i n t e r e s t t o t h i s s t u d y i s t h e 
a b i l i t y o f p o p u l a t i o n j / i s o f Rhynchostegium t o p e r s i s t t h r o u g h o u t t h e year 
(Wehr & W h i t t o n , 1983b) and t o remain a v a i l a b l e f o r m o n i t o r i n g purposes. 
Be f o r e d i s c u s s i n g t h e d i f f e r e n t methods o f measuring growth i t i s f i r s t 
n e cessary t o c o n s i d e r t h e e c o l o g i c a l forms o f t e r r e s t r i a l and a q u a t i c 
s p e c i e s . Gimmingham & B i r s e (1957) d i s c u s s t h e d i f f e r e n t growth forms of 
b r y o p h y t e s . Rhynchostegium (as Eurhynchium r i p a r i o i d e s ) i s c l a s s i f i e d as a 
smooth mat w i t h i t s shoot system p r o s t r a t e and adpressed t o t h e rock, 
o f f e r i n g l i t t l e r e s i s t a n c e t o t h e w a t e r . T h i s species a l o n g w i t h o t h e r s 
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such as F o n t i n a l i s a n t i p y r e t i c a and Amblystegium r i p a r l u m i s a l s o o f t e n 
f o u n d as " w e f t s " a t t a c h e d t o t h e " t r a i l i n g edge" o f b o u l d e r s . A l u s h b r y o -
f l o r a i s more l i k e l y t o develop on b o u l d e r s l e a s t s u b j e c t t o movement under 
h i g h f l o w and which are c o n s e q u e n t l y more d i f f i c u l t t o remove f o r 
measurements. 
A number o f t e c h n i q u e s have been used i n s t u d i e s o f growth r a t e s o f 
t e r r e s t r i a l b r y o p h y t e s . Clymo (1970) suggests t h a t c l o s e agreement between 
two o r more d i f f e r e n t methods i s t h e b e s t evidence o f accuracy and t h e more 
d i v e r s e t h e methods t h e b e t t e r t h e i r mutual s u p p o r t . Few of the s t u d i e s 
subsequent t o Clymo (1970) do t h i s , a l t h o u g h t h e reason i s as l i k e l y t o be 
s a m p l i n g d i f f i c u l t i e s as n e g l i g e n c e . R u s s e l l (1984) reviewed t h e methods 
t h a t had been used s u c c e s s f u l l y and a p p l i e d t h e se t o a v a r i e t y of species 
i n t h e s u b - A n t a r c t i c . Of e i g h t t e c h n i q u e s t h a t were t r i e d , none were 
s a t i s f a c t o r y f o r a l l o f t h e 16 s p e c i e s under c o n s i d e r a t i o n . Four o f t h e 
t e c h n i q u e s were s u i t e d o n l y t o b r y o p h t y e s w i t h v e r t i c a l l y g r o w i n g growth 
forms and one, photography, was s u i t a b l e o n l y f o r s a x i c o l o u s species 
f o r m i n g r a d i a l l y e xpanding c o l o n i e s on r o c k s u r f a c e s . The most 
c o n s i s t e n t l y s ucessful- method was t h e " c r a n k e d - w i r e " t e c h n i q u e of Clymo 
( 1 9 7 0 ) , i n which a p i e c e of w i r e shaped l i k e a c a r s t a r t i n g handle i s 
pushed i n t o a c u s h i o n p a r a l l e l t o t h e stems. Growth i s measured from t h e 
amount o f w i r e s t i l l p r o j e c t i n g above t h e s u r f a c e . Again, t h i s i s a 
t e c h n i q u e s u i t e d o n l y t o v e r t i c a l l y g r o w i n g s p e c i e s . W e l l - d e f i n e d annual 
segments may be used d i r e c t l y ( L o n g t o n , 1970; Baker, 1972) but r e l a t i v e l y 
few s p e c i e s show such v a r i a t i o n . The o n l y method r e a l l y s u i t e d t o f l o w i n g -
w a ter s i t u a t i o n s i s " t a g s " o f t h r e a d t i e d around the t i p a known d i s t a n c e 
from t h e t i p . 
"Tags" have been used i n a number of s t u d i e s (Overbach & Happach, ]956; 
T a l l i s , 1959; Benson-Evens & Brough, 1966) b u t t h e method does have some 
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s i g n i f i c a n t drawbacks. Tags may i n t e r f e r e w i t h e x t e r n a l c a p i l l a r y a c t i o n 
i n e c t o h y d r i c s p e c i e s ( R u s s e l l , 1984) b u t t h i s i s u n l i k e l y t o be a problem . 
i n a q u a t i c h a b i t a t s . R i e l e y e t a l . (1979) n o t e d t h a t a p p l y i n g t h e tags was 
l i a b l e t o d i s t u r b t h e normal g r o w t h o f t h e moss, b u t t h e tags are 
r e l a t i v e l y easy t o a t t a c h i n t h e open mats and w e f t s t y p i c a l o f 
Rhynchostegium and t h e wa t e r c u r r e n t v e r y q u i c k l y s e t t l e s t h e moss i n t o i t s 
p r e v i o u s p o s i t i o n s . The charge t h a t t h e method i s t e d i o u s and t i m e -
consuming ( T a l l i s , 1959; R u s s e l l , 1984) has no answer. 
1.7 AIM 
T h i s s t u d y f o l l o w s e a r l i e r p r o j e c t s funded by t h e European Economic 
Community ( c o n t r a c t 074-74-1 ENV.UK) and by t h e Department of Environment 
( c o n t r a c t DGR/480/571 "Bryophytes f o r M o n i t o r i n g R i v e r Water Q u a l i t y " ) . 
These s t u d i e s c o n c e n t r a t e d upon d e v e l o p i n g methods f o r p r o c e s s i n g and 
a n a l y z i n g a q u a t i c b r y o p h y t e s and e s t a b l i s h i n g broad r e l a t i o n s h i p s between 
m e t a l c o n c e n t r a t i o n s i n t h e wa t e r and i n a number o f s p e c i e s . The pres e n t 
p r o j e c t c o n t i n u e d t h i s work and c o n c e n t r a t e d on d e v e l o p i n g methods f o r 
u s i n g moss-bags t o monitox i n t e r m i t t e n t heavy me t a l p o l l u t i o n . 
The s p e c i e s chosen f o r t h e s t u d y was Rhynchostegium r i p a r i o i d e s 
(synonyms Eurhynchium r i p a r i o i d e s , P l a t y h i p n i d i u m r i p a r i o i d e s ) . T h is has 
s e v e r a l advantages over o t h e r common a q u a t i c p l a n t s ( W h i t t o n e t a l . , 1981), 
i n p a r t i c u l a r i t i s p r o b a b l y t h e most common a q u a t i c b r y o p h y t e species i n 
t h e c o u n t r y (N.T.H. Ho l m e s ^ u n p u b l i s h e d ) . I t a l s o accumulates heavy metals 
t o h i g h e r c o n c e n t r a t i o n s than s e v e r a l o t h e r common species of a q u a t i c 
b r y o p h y t e s ( 1 . 4 3 1 , Say e t a l . , 1981; Wehr & W h i t t o n , 1983b), i s r o b u s t , 
p e r e n n i a l and r e l a t i v e l y easy t o i d e n t i f y . I n a d d i t i o n , a b r i e f comparison 
was made w i t h a n o t h e r common s p e c i e s , F o n t i n a l i s a n t i p y r e t i c a . 
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The r e v i e w o f t h e l i t e r a t u r e r e v e a l e d a number o f areas, b o t h 
f u n d a m e n t a l and a p p l i e d , where f u r t h e r s t u d y would be v a l u a b l e . T h e r e f o r e 
t h e s p e c i f i c alms o f t h e t h i s s t u d y were as f o l l o w s : 
i . t o s t u d y t h e e f f e c t s o f mesh-bags on m e t a l a c c u m u l a t i o n by 
Rhynchostegium and t o compare t h i s w i t h s i m u l t a n e o u s uptake by p o p u l a t i o n s 
on b o u l d e r s ; 
i i . t o i n v e s t i g a t e t h e p h y s i o l o g i c a l processes i n v o l v e d i n metal 
a c c u m u l a t i o n and t h e c e l l u l a r l o c a t i o n o f m e t a l s . T h i s was t o c o n c e n t r a t e 
on t h e r o l e o f t h e c e l l - w a l l i n m e t a l a c c u m u l a t i o n ; 
i i i . t o make an i n - d e p t h s t u d y o f a s i t e o f i n t e r m i t t e n t heavy metal 
p o l l u t i o n and t o use a q u a t i c b r y o p h y t e s t o m o n i t o r t h i s . P a r t i c u l a r 
p r a c t i c a l problems a s s o c i a t e d w i t h d e p l o y i n g moss-bags were t o be 
i n v e s t i g a t e d ; 
i v . t o s t u d y t h e g r o w t h r a t e o f Rhynchostegium i n a number o f streams over 
a 12-month p e r i o d and t o compare t h e e f f e c t s o f d i f f e r e n t c o n c e n t r a t i o n s 
o f heavy m e t a l s . 
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2. METHODS 
2.1 ANALYTICAL METHODS 
2 . 1 1 R o u t i n e l a b o r a t o r y p r o c e d u r e s 
A l l l a b o r a t o r y g l a s s w a r e , w i t h t h e e x c e p t i o n o f snap-cap v i a l s , was 
made o f b o r o s i l i c a t e ("Pyrex") g l a s s . V o l u m e t r i c glassware used f o r atomic 
a b s o r p t i o n s p e c t r o p h o t o m e t r y (AAS) was o f "A" grade. Snap-cap v i a l s , made 
fro m soda g l a s s , were used f o r a l l d i g e s t samples and f o r some water 
samples. P r e v i o u s w o r k e r s i n Durham (e. g . Wehr, 1983) found no problems of 
c o n t a m i n a t i o n a r i s i n g from these t u b e s . P l a s t i c apparatus was chosen 
f o l l o w i n g recommendations o f B a t l e y and Gardner (1977) and was made o f 
e i t h e r p o l y p r o p y l e n e or p o l y e t h y l e n e . Water samples were c o l l e c t e d i n t o 
e i t h e r 30 ml snap-cap v i a l s (see above), or 60 ml p o l y p r o p y l e n e b o t t l e s 
( " A z l o n " ) . Moss samples were s t o r e d i n 250 ml b o t t l e s made from h i g h -
d e n s i t y p o l y e t h y l e n e . 
Two grades o f wat e r were used: s i n g l e - d i s t i l l e d water was used f o r 
most g e n e r a l l a b o r a t o r y purposes and f o r r i n s i n g o f glassware and d e i o n i z e d 
w a t e r was used f o r a n a l y t i c a l purposes, f o r media and f o r f i n a l r i n s i n g of 
a n a l y t i c a l g l a s s w a r e (see b e l o w ) . Two s o r t s o f d e i o n i z e d water were used: 
To December 1984; d o u b l e - d i s t i l l e d w ater passed t h r o u g h a Houseman model C 
ion°exchange column. 
From January 1985; " M i l l i - Q " r e a g e n t grade w a t e r system ( M i l l i p o r e Corp.). 
Both a r e termed " d e i o n i z e d " water t h r o u g h o u t . 
I n o r g a n i c m e t a l s a l t s ( w i t h t h e e x c e p t i o n o f Na^SiO^. 5H2O) were of 
"A n a l a r " grade. A l l were o b t a i n e d t h r o u g h B r i t i s h Drug Houses (BDH), 
Poole, D o r s e t , as were most o t h e r r e a g e n t s w i t h t h e e x c e p t i o n of N-2-
h y d r o x y e t h y l p i p e r a z i n e - N ' - 2 - e t h a n e s u l p h o n i c a c i d (HEPES), hydroxylamine 
h y d r o c h l o r i d e ( b o t h f r o m Sigma) and humic a c i d ( f r o m A l d r i c h ) . Standards 
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f o r AAS were BDH "Spectrosol" 1000 mg 1 ^ standard solutions prepared I n 
1 N a c i d . Working standards were prepared from these f o r each batch of 
analyses. HNO f o r a n a l y t i c a l purposes was of atomic absorption grade 
(Fisons), other acids were "Analar" grade. 
The f o l l o w i n g procedure was adopted f o r washing apparatus; very d i r t y 
vessels were given a pr e l i m i n a r y scrub i n tap water plus detergent and 
ri n s e d i n tap water. A l l apparatus was given a preliminary rin s e i n 
d i s t i l l e d water, immersed i n 4% HNO f o r a minimum of 30 minutes (Laxen & 
Harrison, 1981), rin s e d s i x times i n d i s t i l l e d water and set to dry. 
Apparatus used i n the c o l l e c t i o n and analysis of anion samples was rinsed 
using the above pr o t o c o l except t h a t 10% H^SO^ was used i n place of HNO^ . 
A n a l y t i c a l glassware was given an a d d i t i o n a l two rinses i n deionized water 
p r i o r to d r y i n g . 
2.12 R o u t i n e a t o m i c a b s o r p t i o n s p e c t r o p h o t o m e t r y p r o c e d u r e 
A l l analyses of metals were performed on a Perkin-Elmer (PE) model 
5000 Atomic Absorption Spectrophotometer w i t h a PE model 5000 Automatic 
Burner Control Uni t . Low l e v e l determinations were performed on the above 
w i t h a gra p h i t e furnace (PE model HGA 500) and autosampler (PE model AS 40) 
re p l a c i n g the burner u n i t . 
Most determinations were performed using an air-C^H^ flame. For 
analyses of Mg, Ca, Fe, Cd and Pb, standard s o l u t i o n s contained the same 
m o l a r i t y of aci d as the sample s o l u t i o n s . No pretreatment of samples was 
required, except f o r K, Mg and Ca. For K, an a d d i t i o n of 15000 mg 1 " 
NaCl to a 4 ml a l i q u o t of sample ( f i n a l concentration = 10% v/v) was made, 
to suppress i o n i z a t i o n i n t e r f e r e n c e s (Perkin-Elmer Corporation, 1982) and 
fo r Mg and Ca an a d d i t i o n of 7% LaCl^ was made ( f i n a l concentration = 
0.51% v/v) t o suppress chemical i n t e r f e r e n c e s from A l , Be, P, S i , T i , Va 
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and Z i (Perkin-Elmer Corporation, 1982). A deuterium-arc lamp was used to 
c o r r e c t f o r background absorption ( l i g h t s c a t t e r i n g by p a r t i c l e s and 
molecular absorption of l i g h t by molecules i n the flame) f o r a l l 
determinations on the furnace and f o r a n a l y s i s of Cd and Pb using the 
flame. 
The d e t e c t i o n l i m i t f l u c t u a t e d s l i g h t l y between batches, depending upon 
the machine set-up but t y p i c a l d e t e c t i o n l i m i t s are given i n Table 2.1. 
A n a l y t i c a l q u a l i t y c o n t r o l followed g u i d e l i n e s given by Cheeseman and 
Wilson (1978); p r e l i m i n a r y studies provided estimates of random errors and 
these data were used to construct tables g i v i n g values of each va r i a b l e 
+ 1 S.D. (67% confidence i n t e r v a l ) and + 1.98 S.D. (98% confidence 
i n t e r v a l ) (Table 2.2). 
Table 2.1 Detection l i m i t s , or lowest measured concentrations ( i n mg 1 ^) 
f o r AAS. 
Graphite 
furnace flame 
Na - 0.005 
K - 0.05 
.Mg - < 0.20 
Ca - < 0.20 
Cr < 0.002 0.010 
Mn < 0.001 0.005 
Fe 0.005 0.03 
Zn < 0.001 0.003 
Cd < 0.0005 0.003 
Pb < 0.0010 0.02 
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Table 2.2 Random e r r o r s associated w i t h determination of metals i n water 
samples (mg 1 ) by flame A.A.S.. 
metal concentration + 1 SD + 1.96 SD 
Na 0.200 0.007 0.014 
2.000 0.015 0.029 
K 2.000 0.072 0.141 
10.00 0.108 0.212 
Mg 0.200 0.005 0.010 
2.00 0.02 0.04 
10.00 0.08 0.16 
Ca 0.200 0.013 0.026 
2.00 0.02 0.04 
10.00 0.08 0.16 
Mn 0.20 0.06 0.12 
1.00 0.09 0.18 
Fe 0.050 0.002 0.004 
0.200 0.006 0.012 
1.00 0.025 0.049 
Zn 0.0500 0.0016 0.0032 
0.200 0.002 0.004 
1.00 0.01 0.02 
Cd 0.050 0.001 0.002 
0.200 0.002 0.004 
1.00 0.01 0.02 
Pb 0.200 0.005 0.010 
1.000 0.007 0.014 
4.000 0.067 0.013 
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2.13 C o l l e c t i o n and analysis of water 
Water was c o l l e c t e d from r i v e r s and streams i n a 2 - l i t r e polypropylene 
beaker, which had been rinsed several times i n the water before the sample 
was taken. Two f r a c t i o n s of water were c o l l e c t e d . " T o t a l " water i s water 
decanted from the beaker a f t e r being allowed to stand f o r approximately 
f i v e mins t o allow l a r g e r p a r t i c l e s (> 20 pm diameter; Black, 1965) to 
s e t t l e out. " F i l t r a b l e " water i s water t h a t was passed f i r s t through a 
0.22 pm Nuclepore f i l t e r ( S t e r i l i n ) . The water was c o l l e c t e d from the 
beaker using a 20 ml polypropylene syringe (Faber Sanitas) and forced 
through a Swinnex f i l t e r holder ( M i l l i p o r e Corp.) containing the f i l t e r , 
a c id washed as described i n 2.11. The f i r s t few drops through the f i l t e r 
were shaken i n the sample b o t t l e and discarded and approximately 25 ml of 
sample c o l l e c t e d . For several s i t e s the f i l t e r became clogged and was 
replaced. Again, the f i r s t few drops through were discarded. 0.4 pm 
Nuclepore f i l t e r s were used f o r one experiment (7.25) to f a c i l i t a t e 
c o l l e c t i o n of a large volume (250 ml) of stream water. Water samples were 
stored i n an ic e box u n t i l r e t u r n to the labor a t o r y , where 2 drops of HN0_, 
were added to each b o t t l e . Samples were stored a t 4 °C u n t i l analysis. 
Samples t h a t were to be used f o r anion analysis were f i l t e r e d through a 
GF/C f i l t e r i n t o an H^SO^-washed, iodized polyethylene b o t t l e and stored 
at 4 °C u n t i l a n a l y s i s . 
The methods used to measure physico-chemical variables are summarized 
below: 
L i g h t was measured using e i t h e r a Skye Instruments sensor and meter or a 
Macam QlOl sensor and meter. Both had "cosine corrected" r a d i a t i o n sensors 
designed to measure p h o t o s y n t h e t i c a l l y a c t i v e r a d i a t i o n (PAR). The Macam 
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sensor was not waterproof so readings were taken at water l e v e l but not 
below. 
Temperature was measured i n s i t u using a mercury thermometer or a WTW 
thermistor attached to a WTW model LF 91 meter. 
Current speed was measured on a c a l i b r a t e d Ott current meter. For most 
experiments the i m p e l l e r was placed i n the f a s t e s t current i n the reach, 
about 10 cm below the surface and perpendicular t o the d i r e c t i o n of flow 
(Patterson, 1983). During the growth experiments and where moss-bags were 
being used, the i m p e l l e r was placed about 50 cm downstream of the sample. 
Condu c t i v i t y was recorded e i t h e r using an E l e c t r o n i c Switchgear model MC 
mark V c o n d u c t i v i t y meter or, i n s i t u , using a WTW model LF 91 c o n d u c t i v i t y 
meter. 
pH was recorded using an Orion model 407A meter w i t h an Orion model 91-05 
combination electrode, or using a WTW model PH 91 meter and Ingold 
combination electrode. 
A l k a l i n i t y was measured by a p o t e n t i o m e t r i c t i t r a t i o n against 0.02 M H_SO, 
Z 4 
(American Public Health Association, 1981). 
Dissolved oxygen was measured i n s i t u using a WTW model OXI 91 meter and 
WTW electrode model EG 90. The electrode required a steady current of 
15 cm s •'" past the membrane and, i f the stream d i d not provide t h i s , then 
the electrode was s t i r r e d u n t i l i t gave a steady reading. 
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2.14 Analysis of anion samples 
PO^-P (as F i l t r a b l e Reactive Phosphate (FRP)) was determined 
c o l o r i m e t r i c a l l y according t o the method of Murphy and Riley (1952), 
modified by Eisenreich et a l . (1975). CI , NOg-N and SO^ -S were analyzed 
using a Laboratory Data Control (LDC) ion chromatograph w i t h a Chrompack 
SPH 125 autosampler and an LDC ConductoMonitor I I I c o n d u c t i v i t y meter 
attached to a Kipp and Zonen BD40 chart recorder. This i s a high-pressure 
l i q u i d chromatograph w i t h a 25 cm Hamilton X-100 ion-exchange column packed 
w i t h PRP X-100 r e s i n (Hamilton). A 2-cm guard column containing the same 
r e s i n luas used t o p r o t e c t the separation column by removing p o t e n t i a l l y 
poisonous substances. The eluent was 4 mM P-hydroxybenzoic acid a t pH 8.5 
-1 4 w i t h a f l o w r a t e of 2 mm min and a pump pressure of about 1.59 x 10 
kPa. Peak heights were recorded a t f u l l - s c a l e d e f l e c t i o n s of between 1 and 
10 uS cm ^. Concentrations were c a l c u l a t e d from peak heights. 
2.15 C o l l e c t i o n and analysis of moss samples 
The procedure f o r c o l l e c t i n g moss was adapted to s u i t the f i n a l use: 
to provide samples d i r e c t l y f o r a n a l y s i s , or t o provide material f o r 
t r a n s p l a n t experiments or la b o r a t o r y use. For samples th a t were to be 
analyzed d i r e c t l y ( i . e . w i t h no f u r t h e r experimentation), moss was 
c o l l e c t e d from at l e a s t f i v e separate l o c a t i o n s w i t h i n a reach (Nehr & 
Whitton, 1983a). For m a t e r i a l t h a t was t o be experimented upon f u r t h e r , 
l a r g e r c o l l e c t i o n s were u s u a l l y required and, i n order to preserve e x i s t i n g 
populations, moss was c o l l e c t e d from j u s t above and below, as vj e l l as 
w i t h i n the designated reach (Wehr, 1983). I t was picked o f f boulders, 
r i n s e d several times i n the stream water t o remove loosely attached 
sediment, i n v e r t e b r a t e s and algae, and placed i n sample b o t t l e s . Moss was 
stored i n an ice box u n t i l r e t u r n t o the laboratory and t h e r e a f t e r i n a 
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r e f r i g e r a t o r u n t i l required. A l l samples f o r analysis were processed 
w i t h i n 48 h by r i n s i n g i n d i s t i l l e d water and then t r a n s f e r r i n g shoots to a 
p e t r i dish where 2-cm t i p s were removed and rinsed several times i n 
deionized water. These were then b l o t t e d and put i n t o HNO^-washed snap-
cap v i a l s . Five r e p l i c a t e sub-samples of each sample were taken, each 
co n t a i n i n g 25-30 t i p s (Wehr & Whitton, 1983a). These were d r i e d at 105 °C 
before being weighed and t r a n s f e r r e d to b o i l i n g tubes with 5 ml of 2 M 
HNO , placed on a Tecam " d r i - b l o c k " at 120 °C f o r 45 mins and allowed to 
cool. The samples were c e n t r i f u g e d to separate the clear s o l u t i o n from the 
s l u r r y . The clea r s o l u t i o n was poured i n t o a 25 ml volumetric f l a s k and 
the s l u r r y was re c e n t r i f u g e d w i t h deionized water. The clear s o l u t i o n from 
t h i s was added t o the volumetric f l a s k and made up to volume. The samples 
were stored i n t h e i r o r i g i n a l v i a l s u n t i l a n a l y s i s . 
2.2 GROWTH MEASUREMENTS 
Measurements of growth r a t e were performed on populations of 
Rhynchostegium attached to lar g e , but not immovable, bouJders to reduce the 
p r o b a b i l i t y of the boulder being washed away during periods of high flow, 
yet s t i l l enable the boulders to be removed f o r measurements. A f t e r 
October 1985 two boulders were marked at each s i t e to f u r t h e r reduce the 
p r o b a b i l i t y of a l l data f o r one month being l o s t . 
Growth r a t e was measured by the attachment of thread ("tags") to 
i n d i v i d u a l shoots a t a known distance from the t i p and measuring the shoot 
extension a f t e r one month. Gf the eight techniques reviewed by Russell 
(1984), only the attachment of lags was r e a l l y s u i t e d to the growth form of 
Rhynchostegium (1.6 ) . A pr e l i m i n a r y experiment i n 0310-90 tested the 
e f f e c t of increasing sample size on the sample mean (Fig. 2.1). From these 
data a sample size of 35 shoots was chosen. 
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Fig. 2.1 The e f f e c t of sample size on mean and 95% confidence i n t e r v a l s i n 
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Boulders were removed from the water, placed i n an enamel t r a y and tags 
of thread cut and looped over shoots, 10 mm from the t i p . Black and white 
thread was used i n a l t e r n a t e months to avoid confusion w i t h the previous 
month's growth. 35 shoots were l a b e l l e d per s i t e and the boulder returned 
to the water i n the same p o s i t i o n as before. The s i t e s were v i s i t e d a t 
approximately one month i n t e r v a l s . At each v i s i t boulders were removed as 
before, the length from the thread to the t i p was measured f o r each shoot 
and a f r e s h piece of thread looped on 10 mm from the t i p . The t o t a l number 
of l a b e l l e d shoots was counted and fresh shoots were l a b e l l e d to br i n g the 
t o t a l up t o 35 again. The boulder was replaced as before, water samples 
c o l l e c t e d and physico-chemical v a r i a b l e s measured. 
The r a t e of growth was ca l c u l a t e d as: 
- 1 
growth r a t e (mm wk ") = (L - L ) x (7/n) 
n • 
where; n = number of days since previous sample 
L = length of shoot at s t a r t (= 10 mm) 
o 
L = length of shoot at time = n 
n 
Occasions where the length of the shoot was less than 10 mm were also 
recorded, hence the f i n a l f i g u r e r e f e r s to "net", not " t o t a l " growth. 
2.3 FIELD EXPERIMENTS 
2.31 D e s i g n a t i o n o f s a m p l i n g s i t e s 
A l l sample s i t e s were a l l o c a t e d a unique s i x f i g u r e code in 
accordance w i t h standard p r a c t i c e i n Durham (Whitton et aj.., 1976). The 
f i r s t f our f i g u r e s r e f e r to the stream and the l a s t two to a p a r t i c u l a r 
10 m s t r e t c h , termed a "reach". No s i g n i f i c a n c e i s attached to stream 
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numbers, they serve s o l e l y to enable records to be stored on a computer. 
The reach number allows any 10 m reach to be relocated at f u t u r e dates and 
i s kept, along w i t h d e t a i l s of landmarks, g r i d references etc.. Reach 01 
i s reserved f o r the source and 99 f o r the reach immediately above a 
confluence. A f u l l e r d e s c r i p t i o n of the system may be found i n Holmes and 
Whitton (1981). 
2.32 Experimental regime 
Moss f o r f i e l d experiments was c o l l e c t e d (2.15) and t r a n s f e r r e d 
to the experimental s i t e i n beakers enclosed i n an ice box. Where moss 
attached to boulders was required then medium-sized boulders with a good 
cover of moss were chosen. In both instances moss was kept moist but not 
immersed i n stream water during t r a n s p o r t . 
Stakes to support moss-bags were placed approximately mid-stream and 
hammered secureJy i n t o the stream bed. Transplanted boulders were placed 
alongside the stakes. Moss was placed i n moss-bags ( f o r q u a n t i t i e s , see 
Chapter 5 ) , which were looped over stakes using stout s t r i n g . The necks of 
the bags were kept loose to f a c i l i t a t e the removal of samples. A maximum 
of three bags was attached t o each stake. 
Sample i n t e r v a l s were spaced according to experience. An i n i t i a l 
phase of r a p i d uptake, followed by a longer period of slow accumu]ation was 
expected, so the sample i n t e r v a l s were c l o s e l y spaced (30-min i n t e r v a l s ) 
f o r the f i r s t four hours and subsequently longer time i n t e r v a l s were used. 
At each sampling occasion, small amounts of moss were withdrawn from the 
bags and pooled to give a sample which was stored i n a polyethylene b o t t l e 
f o r t r a n s p o r t to the la b o r a t o r y and treatment as described i n 2.15. 
Physico-chemical measurements and water samples were c o l l e c t e d at hourly 
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i n t e r v a l s f o r the f i r s t f our hours and subsequently each time a moss sample 
was taken. 
2.4 LABORATORY ESPERIMEHTS 
2.41 Escperisaental regime and media 
As f a r as possible, a l l experiments were performed on a single 
population of Rhynchostegium (from 0310-90). This i s a low-zinc s i t e and 
f o r experiments where moss from a zinc-enriched s i t e was required t h i s was 
c o l l e c t e d from 0288-70. The t i p s were prepared as described i n 2.15 and 
stored moist, i n the dark a t 4 °C u n t i l used. 
The n u t r i e n t medium f o r la b o r a t o r y studies was a mo d i f i c a t i o n of tha t 
described by Chu (1942), known i n Durham as Chu lOE. The medium was 
buf f e r e d w i t h 2.5 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid 
(HEPES) and adjusted t o pH 7 using 2 M NaOH. Ir o n was chelated w i t h 3.15 
mM ethylenediaminetetra-acetic acid (EDTA). Physico-chemical parameters and 
the concentrations of elements are l i s t e d i n Table 2.3. 
The medium was prepared a t le a s t 12 h i n advance of each experiment 
and l e f t t o e q u i l i b r a t e t o the c o r r e c t temperature. Metal stocks were 
added immediately before the moss was introduced. Ten t i p s (dry weight = 
+ 10 mg) were added t o 200 ml of medium i n a 250 ml Ehlenmeyer f l a s k and 
placed i n a shaker tank (Gallenkamp) set u s u a l l y at 15 °C and with 100 praol 
-2 - 1 
photon m s continuous subsurface i l l u m i n a t i o n . Preliminary 
experiments had shown t h a t provided the f l a s k s were shaken, the medium 
remained saturated w i t h respect t o dissolved gases under these conditions. 
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Table 2.3 Concentrations of elements (mg 1 ^, before pH adjust.Tient) and 
other physico-chemical parameters i n Chu lOE. 
N 6. .84 Na 4. ,53 
Mg 2, .47 Si 1, ,44 
P 0. .89 S 3. ,27 
K 1, .12 CI 1. .13 
Ca 9, .78 Jin 0. ,012 
Fe 0 .50 Co 0. .002 
Cu 0, .005 Zn 0. .013 
Mo 0 .003 B 0, .125 
HEPES 2 .5 mM EDTA 3. .15 1 
pH 7.0 
c o n d u c t i v i t y 144 pS cm ^  
t o t a l a l k a l i n i t y 2.5 meq 1 ^  
At the end of the incubation period t i p s were washed i n deionized 
water before being e i t h e r d r i e d and digested (2.15) or f u r t h e r t r e a t e d . 
2.42 E l u t i o n m ethods 
2.421 Background 
A method which allows r a p i d compartmentalization of ions w i t h i n a 
pl a n t i s , obviously, h i g h l y d e s i r a b l e . Several methods e x i s t f o r the 
precise compartmentalization of ions, yet these are generally too time 
consuming (e.g. autoradiography) or involve the use of techniques t h a t i t 
i s not possible t o adapt t o large numbers of f i e l d populations (e.g. t r a c e r 
- f l u x a n a l y s i s ) . For the purposes of t h i s study two compartments were of 
i n t e r e s t (1.332): 
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a. the " c e l l w a l l " , "exchangeable", or "Donnan Free Space" 
(DFS) f r a c t i o n and 
b. the " i n t r a c e l l u l a r " f r a c t i o n . 
The p r i n c i p l e requirement of a method, t h e r e f o r e , was that i t allowed 
r a p i d d i f f e r e n t i a t i o n between these two f r a c t i o n s . Several workers have 
used e i t h e r competing ions (Riihling & Tyler, 1970; Brown & Buck, 1979) or 
ch e l a t i n g agents such as EDTA (Ernst & van der Werff, 1978; Shehata & 
Whitton, 1982) to remove the exchangeable component. The p r i n c i p l e of both 
i s to e x t r a c t the exchangeable component without damaging the plasmalemma 
i n the process. This precludes the use of t r a d i t i o n a l s o i l eluents such as 
ace t i c acid ( A g r i c u l t u r a l Development and Advisory Service, 1981). 
The sequential e l u t i o n method of Brown and Buck (1979) was used as a 
framework around which other methods were tested. The f u l l treatment 
e x t r a c t s four separate components, of which only the exchangeable and t o t a l 
i n t r a c e l l u l a r were of i n t e r e s t . The f o l l o w i n g modifications were therefore 
made: only a s i n g l e r i n s e i n deionized water was performed at the s t a r t 
and step 3 (steeping i n b o i l i n g , deionized water) was omitted. The eluents 
were: 20 mM (= 1000 mg l""'') N i C l ^ (Brown & Buck, 1979), 0.138 mM (= 40 mg 
1~") EDTA (Shehata, 1982; Shehata & Whitton, 1982) and 0.75 M HCl (Brown & 
Slingsby, 1972). Preliminary experiments t o check f o r membrane damage, to 
consider the e f f e c t of increased exposure times and to examine t h e i r e f f e c t 
on Zn removal from i s o l a t e d c e l l w a lls were performed, p r i o r to the 
se l e c t i o n of a method. 
2.422 Measurement of membrane damage 
In order t o assess the methods o u t l i n e d above a simple "probe" f o r 
checking menbrane i n t e g r i t y was used. This was based upon the analysis of 
the concentration of K released by the treatments. K i s known to be 
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s e l e c t i v e l y accumulated by p l a n t c e l l s and t o be located predominately 
i n s i d e the c e l l (Flowers & L a u c h l i , 1983). Release of K, therefore, 
implies damage to the membrane (Brown & Slingsby, 1972; Puckett et a l . , 
1977) and a breakdown i n the metabolic processes which maintain the Na^/K^ 
pump s i n the membrane. Puckett et a l . (1977), f o r example, noted a good 
c o r r e l a t i o n between the t o t a l K loss from Umbilicaria muhlenbergii and 
Cladonia r a n g i f e r i n a and reduction i n ''"^C f i x a t i o n . 
The extent of K leakage was assessed q u a l i t a t i v e l y by comparing the K 
concentration washed out of the moss by the various treatments. An i n i t i a l 
wash i n deionized water displaced K i n the "Apparent Free Space" (AFS) and 
served as a c o n t r o l . The moss was then washed i n the experimental 
s o l u t i o n s and i n deionized water again. I f there was no damage to the 
membrane, then the subsequent washes would be expected t o contain low 
concentrations of K, whereas i f the membrane was damaged, then K would 
continue to leak out. A K concentration s i g n i f i c a n t l y higher than i n the 
i n i t i a l s o l u t i o n i n d i c a t e s some damage to the membrane. 
2.423 Routine procedure f o r separating exchangeable f r a c t i o n 
N i C l ^ was selected as the most appropriate e l u t i n g agent f o r zinc 
(see 6.32). A r o u t i n e procedure was derived, as f o l l o w s ; 
t i p s were given a p r e l i m i n a r y r i n s e i n deionized water (1 h ) , followed by 
two r i n s e s i n 20 mM N i C l ^ (1 h each); the s o l u t i o n s were pooled, made up 
to volume and analyzed; f i n a l l y the t i p s were rinsed i n deionized water (1 
h ) , d r i e d , weighed and digested (2.15). 
2.43 Preparation of c e l l w a l l s 
The method used to prepare c e l l w a l l s was adapted from R i t c h i e and 
Larkum (1982). C e l l contents were extracted using T r i t o n X-100 and 
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methanol t o y i e l d a t i p which r e t a i n e d i t s gross morphology, yet was 
l a r g e l y f r e e from c e l l organelles. This they described as a "crude c e l l 
w a l l p r e p a r a t i o n " , t o d i s t i n g u i s h i t from the purer preparations based upon 
homogenized t i s s u e which have been devised (e.g. Demarty et a l . , 1978). 
For the purposes of t h i s study the b e n e f i t s t h a t would have been gained 
from the l a t t e r technique were outweighed by t h a t of r e t e n t i o n of the shape 
and form of the l i v i n g t i s s u e . 
Tips t h a t were used i n the preparation of c e l l walls were given a 
p r e l i m i n a r y wash i n 0.1 M hydroxylamine i n 0.01 M HNO^  , to remove 
encrusting manganese and i r o n oxides (Gupta & Chen, 1975) and were then 
shaken a l t e r n a t e l y i n 0.5% T r i t o n X-100 and 90% methanol (1 h each) u n t i l 
a l l pigmentation was removed. The concentration of c h l o r o p h y l l (measured 
as c h l o r o p h y l l by the method of Marker et al,. , 1980) i n successive 
Si 
methanol e x t r a c t i o n s i s given i n Fig. 2.2. In one experiment an a d d i t i o n a l 
e l u e n t , 0.2 M ammonium oxalate i n 0.2 M o x a l i c acid (Tipping et al., 1985), 
was included t o s e l e c t i v e l y s o l u b i l i z e Fe oxides. 
I n order t o demonstrate the c a t i o n exchange behaviour of the c e l l 
w a l l s , the crude c e l l w a l l preparations were converted to the H^ form by 
four washes, each of f i v e minutes d u r a t i o n followed by one wash overnight, 
i n 0.1 M HNO^ (Wainwright & Beckett, 1975). This was followed by 
successive washes i n deionized water. A p r e l i m i n a r y experiment showed at 
l e a s t e i g h t washes t o be required u n t i l no f u r t h e r drop i n pH, caused by 
H^ ions being washed out of the AFS, was observed. 
2 . 5 ELSCTROM MICROSCOPY METHODS 
I n d i v i d u a l leaves of Rhynchostegium were f i x e d i n a s o l u t i o n of 2.5% 
glutaraldehyde, 1.5% formaldehyde and 0.05 M cacodylate b u f f e r at pH 7.0 
f o r 2.5 h, p o s t f i x e d i n 1% osmium t e t r o x i d e and rinsed i n two 10 minute 
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Figure 2.2 Concentration of c h l o r o p h y l l i n successive e x t r a c t i o n s of 













1 2 3 ^ 5 
number of e x t r a c t i o n s 
66 
changes of deionlzed water. They were then passed through a dehydration 
series c o n s i s t i n g of two 10 min changes i n 10%, 20%. 25%, 30%, 50% and 75* 
ethanol, three 10 min changes i n 100% ethanol and 24 h i n a 50:50 mix of 
100% ethano] and Spurr's low v i s c o s i t y r e s i n (Spurr, 1969). A f t e r two 24 h 
changes i n r e s i n the sample was polymerized a t 80% °C overnight. Sections 
80 - 250 nm i n thickness were cut using a diamond k n i f e . The sections were 
stained w i t h uranyl acetate and lead c i t r a t e , mounted on copper grids and 
viewed using a P h i l i p s EM 400 transmission e l e c t r o n microscope. 
2.6 STATISTICS AND COMPUTING 
2.61 Hardware and software 
Computing f a c i l i t i e s consisted of the Northumbrian U n i v e r s i t i e s 
M u l t i p l e Access Computer (NUMAC) and a microcomputer. The NUMAC machine 
c o n s i s t G d of an IBM 360/370 mainframe ( r e p l a c e d by an Ahmdahl 470/V8 i n 
September 1985) running under the Michigan Terminal System (MTS). The 
microcomputer was a Research Machines (RM) Nimbus, capable of connecting to 
NUMAC, but more f r e q u e n t l y operated independently. This used the MS-DOS 
operating system. 
Most data were analyzed on the mainframe, using the Michigan 
I n t e r a c t i v e Data Analysis Software (MIDAS) package (Fox & Quire, 1976) or 
the MIiMITAB package (Ryan et aj.. , 1982). Certain procedures not ava i l a b l e 
i n these (e.g. some forms of analysis of variance (ANOVA)) were performed 
on the RM Nimbus using the " M u l t i p l a n " spreadsheet package (Microsoft, 
1982) . 
This t h e s i s was prepared using the "Word" word processing package 
(M i c r o s o f t , 1983) on the RM Nimbus w i t h a Toshiba P1351 p r i n t e r . 
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.2.62 Pre l i m i n a r y analysis of data 
Raw data was entered i n t o d a t a f l l e s and transformed w i t h i n KIDAS or 
M u l t i p l a n t o give metal concentrations as pg g ^ dry weight. Descriptive 
measures were obtained f o r each sample (= f i v e sub-samples i n f i e l d 
experiments and fou r i n labo r a t o r y experiments) and sample means were 
abstracted and used t o create new d a t a f i l e s arranged by treatment. 
C o e f f i c i e n t s of v a r i a t i o n w i t h i n samples were generally < 15%. In 
soire instances, however, they rose t o 50% and even 100%. In such 
instances, the i n d i v i d u a l sub-samples were examined and very often one sub-
sample was obviously responsible f o r the bulk of the v a r i a t i o n . There i s 
no u n i v e r s a l l y accepted procedure f o r dealing w i t h maverick values but i n 
t h i s work a s i n g l e value was removed from a sample mean only i f by doing so 
the c o e f f i c i e n t of v a r i a t i o n was reduced by 50% or more. 
The p r e l i m i n a r y analysis of data involved simple t e s t s to s a t i s f y 
t h a t the data f i t t e d a normal d i s t r i b u t i o n and, where appropriate, 
transformations were applied. MIDAS was used to compute l o g ^ , l o g ^ ^ and 
square-root values f o r each case and to produce c o e f f i c i e n t s of skewness 
and kuir-tosis, histograms and c o r r e l a t i o n matrices f o r each v a r i a b l e . These 
were compared and the most appropriate transformation chosen. 
2.63 S t a t i s t i c a l a n a l y s i s of data 
The m a j o r i t y of the data could be analyzed by r e l a t i v e l y 
s t r a i g h t f o r w a r d b i v a r i a t e s t a t i s t i c s , e.g. product-moment c o r r e l a t i o n 
c o e f f i c i e n t s , ANOVA and "Student" t - t e s t s , a l l a v a i l a b l e w i t h i n the MIDAS 
package. Regressions were compared using a form of ANOVA (Parker, 1979; 
Mead & Curnow, 1983) c a l c u l a t e d w i t h i n the M u l t i p l a n spreadsheet 
( M i c r o s o f t , 1982). The r e s i d u a l mean squares a r i s i n g from each i n d i v i d u a l 
regression were compared using a " 2 - t a i l e d " F-test and, i f the d i f f e r e n c e 
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was not s i g n i f i c a n t , then an ANOVA, comparing the sum of the two i n d i v i d u a l 
regressions w i t h a s i n g l e regression composed of the two sets of data 
combined, was performed. 
Non-parametric t e s t s were cal c u l a t e d w i t h i n MIDAS; the t e s t s used were 
Spearman's Rank C o r r e l a t i o n , Kendall's Tau c o e f f i c i e n t and Kendall's 
c o e f f i c i e n t of concordance ( S t a t i s t i c a l Research Laboratory, 1976; E l l i o t t , 
1977 ) . 
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3. STUDY SITES 
3.1 INTRODUCTION 
This chapter introduces the areas and streams where f i e l d experiments 
were performed and ma t e r i a l f o r la b o r a t o r y experiments was c o l l e c t e d . 
S i t e s were chosen f o r a number of reasons; nearness t o Durham, 
a v a i l a b i l i t y of healthy Rhynchostegium and presence or absence of heavy 
metals and other environmental features were the main ones. The study 
was w e l l located i n t h a t the Northern Pennine O r e f i e l d , the la r g e s t 
o r e f i e l d i n B r i t a i n and once the most important lead mining region i n the 
world, i s w i t h i n 30 km of Durham ( F i g . 3.1), p r o v i d i n g a wide range of 
s i t e s . Some stu d i e s , however, were performed on lowland s i t e s closer to 
Durham and f o r the case study (Chapter 8 ) , a s i t e at Bolton, N-W. England 
provided a s t i m u l a t i n g problem. 
The general geography and geology c h a r a c t e r i s t i c of the region i s 
o u t l i n e d f i r s t , under four headings; Alston Moor and Weardale represent 
the Northern Pennine O r e f i e l d , s i t e s closer t o Durham are located on the 
Durham C o a l f i e l d and the case study s i t e i s the Croal Valley. This 
account i s based upon Geological Survey Memoirs (Dunham, 1949; Smith & 
Francis, 1967; Tonks et al,. , 1931) along w i t h other m a t e r i a l . The 
q u a l i t y of the water i s recorded as River Chemical Class (National Water 
Council, 1981; see Toms, 1975, f o r d e s c r i p t i o n s of the four classes). A 
summary of environmental data a t s i t e s i n N-E. England i s presented next, 
f o l l o w e d by a more d e t a i l e d consideration of the s i t e s used f o r the 
growth studies (Chapter 4) and the case study (Chapter 8 ) . 
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Fig. 3.1 Map of N-E. England showing l o c a t i o n of sampling regions, 
1 = 0005, R. Deerness; 
2 = 0012, Rookhope Burn; 
3 = 0014, R. Browney; 
4 = 0024, R. Team; 
5 = 0048, R. Nent; 
6 = 0055, R. South Tyne. 
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3.2 GEOGRAPHICAL LOCATION AND PHYSICAL CHARACTERISTICS 
3.21 The Northern Pennine O r e f i e l d 
3.211 I n t r o d u c t i o n and g e o l o g i c a l background 
The Northern Pennine O r e f i e l d extends over a large area of Northern 
England, from the Tyne Valley south t o the Craven d i s t r i c t of Yorkshire 
and i s d i v i d e d i n t o two parts by the Stainmore Gap between Barnard Castle 
and Brough. The present study i s concerned only w i t h the northern part 
of the o r e f i e l d . This may be v i s u a l i z e d as a plateau u p l i f t e d along the 
Pennine f a u l t a t i t s western margins, t i l t e d to the east (Taylor et a l . , 
1971) and dissected by three main r i v e r s ; the Tyne, Wear and Tees and 
t h e i r t r i b u t a r i e s . I t represents the highest land i n England outside of 
the La'.<e D i s t r i c t , extending up t o 893 m at the summit of Cross F e l l . As 
much of the geology of the region i s common t o both Alston Moor and 
Weardale i t seems p e r t i n e n t t o include a few general comments here. 
The greater p a r t of the upland region i s underlain by the Lower 
Carboniferous Series (Johnson, 1981). The Carboniferous rocks i n t u r n 
r e s t upon a basement of Lower Palazeoic rocks i n t o which the Weardale 
Granite was intruded during the Devonian Period (Dunham, 1981). At the 
end of the Carboniferous Period these were u p l i f t e d to form the Alston 
Block and at the same time volcanic a c t i v i t y i n the region caused the 
Great Whin S i l l of quartz d o l e r i t e t o be intruded i n t o the Carboniferous 
s t r a t a and, subsequently, f o r m i n e r a l i z a t i o n to occur. The whole area 
was given i t s eastwards t i l t i n the T e r t i a r y Period (Johnson, 1981). 
The Lower Carboniferous Limestone Series are composed of a l t e r n a t i n g 
limestones, shales, sandstones and t h i n coal seams l a i d doi-m i n a wide 
d e l t a , the r e l a t i v e proportions of each changing i n a N-S d i r e c t i o n . The 
Upper Carboniferous Great Limestone was deposited on top of t h i s , 
f o l l o w e d by an a l t e r n a t i n g series of limestones and other s t r a t a . The 
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l i u e s t o n e i s g r a d u a l l y depleted and by the top of the sequence a 
sandstone known as M i l l s t o n e G r i t ( r e l a t e d , but not i d e n t i c a l t o , the 
M i l l s t o n e G r i t of Yorkshire and Lancashire) dominates (Johnson, 1981). 
3.212 Alston Moor 
The Alston Moor area covers the R. South Tyne v a l l e y south from 
Alston along w i t h i t s t r i b u t a r y v a l l e y s and i s nearly a l l of an a l t i t u d e 
above 300 m (Dunham, 1949). The western edges are drained by the R. 
Eden but the m a j o r i t y of the region i s drained by the R. South Tyne 
(0055) which r i s e s at Tynehead at the f o o t of Cross F e l l and flows f i r s t 
west and then north t o Hexham and the confluence w i t h the R. North Tyne. 
The p r i n c i p a l settlements are at Alston, Nenthead and G a r r i g i l l . 
The area was formerly a very productive lead mining area, e s p e c i a l l y 
i n the Nenthead region and was extensively worked by the London Lead 
Company. There are abundant mineral veins and a r t e f a c t s of t h i s mining 
i n the region i n c l u d i n g a large number of s p o i l heaps and many a d i t s and 
s h a f t s . Several streams i n the area d r a i n through these and are 
consequently enriched i n heavy metals (Say, 1977). The R. Nent (0048), 
which c o l l e c t s these along w i t h the drainage waters from several l e v e l s , 
also contains high concentrations (Armitage, 1979). 
0091 and 0288 are both small right-bank t r i b u t a r i e s of 0048, 
approximately 1 km apart; 0288 flows past the entrance t o drainage l e v e l s 
and severed s p o i l heaps and surface workings and i s consequently metal-
enriched; 0091 has r e l a t i v e l y low concentrations of heavy metals. 0102 
i s a right-bank t r i b u t a r y of 0055 containing elevated concentrations of 
heavy metals. 0055, despite numerous t r i b u t a r i e s such as 0102 which are 
metal- enriched, contains only s l i g h t l y elevated concentrations of heavy 
metals u n t i l i t s confluence w i t h 0048 at Alston (Wehr, 1983). 
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Table 3.1 Sampling s i t e s i n Alston Moor (blank = not sampled) 
stream-reach name g r i d r e f . a l t i t u d e r i v e r 
(m) class 
0048-80 R. Nent NY 739469 320 2 
0055-30 R. South Tyne NY 716468 280 lA 
0091-05 Foreshield Burn NY 751469 330 
0102-85 G a r r i g i l l Burn NY 743419 350 
0288-70 B l a g i l l Burn NY 739471 320 
0288-90 B l a g i l l Burn NY 739473 330 
3.213 i'Jeardale 
The R. Wear s t a r t s a t Wearhead by the confluence of Ki l l h o p e Burn and 
Burnhope Burn and flows f o r 107 km t o j o i n the North Sea at Wearmouth. 
Weardale, the upland p a r t of the catchment, extends down as f a r as 
Wolsingham, 20 km from Wearhead. A large area of Weardale i s mineralized 
and there were many large mines i n the past, both i n the main v a l l e y and 
i n i t s t r i b u t a r i e s . 
0012 i s an important l e f t bank t r i b u t a r y of the Wear w i t h a catchment 
which includes Rookhope, probably the most important lead-mining 
settlement i n Weardale ( R a i s t r i c k & Jennings, 1965); consequently i t 
contains r e l a t i v e l y high concentrations of heavy metals. 0012-28 i s i n 
the upper p a r t of the v a l l e y and 0012-45 i s close t o i t s confluence w i t h 
the R. Wear. 0310 i s a right-bank t r i b u t a r y of 0012, about 2 km long. 
0309 i s a r i g h t bank t r i b u t a r y of the Wear which c o l l e c t s water from 
Chapel F e l l and from Greenhaws Hush (a "hush" i s a type of surface 
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working) and flows through the hamlet of Daddryshield before i t s 
confluence. The reach used i n the study (0309-80) i s 100 m below the 
hamlet of Daddryshield. 
Table 3.2 Sampling s i t e s i n Weardale (blank = not sampled). 
stream- name g r i d r e f . a l t i t u d e r i v e r chemical 
(m) class 
0012-28 Rookhope Burn NY 919428 340 
0012-45 Rookhope Burn NY 953387 230 
0309- 30 Daddryshield Burn NY 895380 290 
0310- 90 "Race F e l l Burn" NY 918427 350 
3.22 Durham C o a l f i e l d 
The f i n a l d i v i s i o n of the Upper Carboniferous i s known as the "Coal 
Measures". A cycle of shale, sandstone and coal seams was repeated i n a 
broad coastal d e l t a covered by a l u x u r i a n t swamp vegetation (Johnson, 
1981). This was u p l i f t e d and t i l t e d a t the end of the Carboniferous 
period (3.211) such t h a t the present coal seams extend eastwards i n t o the 
North Sea. The only other major deposit i n the region i s the Permian 
Reef of Magnesium Limestone (dolomite) (Smith & Francis, 1967). The 
physiography of the region i s very d i f f e r e n t to the North Pennine 
O r e f i e l d ; lower, w i t h a g e n t l e r r e l i e f and a f e r t i l e cover of boulder 
c l a y l e f t by the l a s t g l a c i a t i o n . Consequently i t i s densely populated, 
farmed and e x p l o i t e d f o r i n d u s t r y . These a l l have important i m p l i c a t i o n s 
f o r the ecology of surface waters. 
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The main r i v e r s i n the region are the Wear and the Tyne. 0014 i s a 
le;H-bank t r i b u t a r y of the Wear r i s i n g near Consett and f l o w i n g 
approximately 30 km t o a confluence 7.5 km above Durham Ci t y . 0014-40 i s 
approximately 10 km above t h i s confluence and 1 km below a Sewage 
Treatment Works (STW) at Langley Park. 0005 i s a right-bank t r i b u t a r y of 
0014 which flows through a v a l l e y once i n t e n s i v e l y e x p l o i t e d f o r coal. 
I n the past i t contained high concentrations of suspended s o l i d s as a 
r e s u l t of mining a c t i v i t i e s which have now ceased. The confluence w i t h 
0014 i s 2 km above the confluence between 0014 and the R. Wear. 
The other study s i t e on the Durham C o a l f i e l d was a right-bank 
t r i b u t a r y of the R. Tyne. 0024 r i s e s near Stanley and flows f o r 27 kz to 
the "yne. There are a large number of e f f l u e n t s e ntering along i t s 
length (Wehr et a l . , 1981) i n c l u d i n g some heavy metal e f f l u e n t s . The 
reaches used (0024-20 and 0024-22) are both located close t o Causey Arch, 
2 km downstream of a heavy metal input from a b a t t e r y f a c t o r y as w e l l as 
e f f l u e n t s from a STW and, i n the past, pumped groundwater from a 
c o l l i e r y . There are both d i u r n a l ( F i g . 3.2) and longer term (Table 3.4) 
f l u c t u a t i o n s i n the concentration of zinc i n the water. 
Table 3.3 Sampling s i t e s i n the Durham C o a l f i e l d . 
stream- name 
reach 
g r i d r e f . a l t i t u d e r i v e r chemical 
(m) class 
0005-44 R. Deerness NZ 226421 80 IB 
0014-40 R. Browney NZ 222455 90 IB 
0024-20 R. Team NZ 202560 130 3 
0024-22 R. Team NZ 203560 130 3 
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Table 3.4 Zinc concentrations (mg 1-1) measured i n R. Team between 1980 
and 1986. 
date reach Zn f i l t r a b l e reference 
5.80 20 0 28 Wehr St a l . (1981) 
21.5.81 20 0 30 Wehr a Whitton (1983a) 
5.81 - 6.82 20 0 19 - 6 90 Wehr & Whitton (1983b) 
25.8.83 22 3 40 - 7 07 t h i s t h esis (Fig. 3.2) 
1.3.84 22 1 36 - 1 88 t h i s t h e s i s (Table 5.7) 
6.8.84 20 4 34 t h i s t h esis (Fig. 6.13) 
8.8.84 20 3 09 t h i s t h e s i s (Fig. 6.13) 
10.8.84 20 2 75 t h i s t h esis (Fig. 6.13) 
12.8.84 20 1 65 t h i s t h esis (Fig. 6.13) 
14.8.84 20 1 22 t h i s t h esis (Fig. 6.13) 
16.8 84 20 1 30 t h i s t h e s i s (Fi g . 6.13) 
11.6.86 22 0 87 t h i s t h e s i s (Table 7.4) 
24.7.86 20 0 34 t h i s t h e s i s (Table 3.8) 
3.23 Croal V a l l e y 
The Croal V a l l e y l i e s i n an area of N-W. England t h a t has been the 
focus of intense i n d u s t r i a l a c t i v i t y . The r i v e r c o l l e c t s water from a 
number of t r i b u t a r i e s which r i s e on the W. Pennine moors and flows 
through Bolton t o a confluence w i t h the R. I r w e l l , i t s e l f a t r i b u t a r y of 
the Mersey. The area i s s i t u a t e d on the Upper Carboniferous Coal 
Measures, o v e r l a i n by a deep deposit of boulder clay. The Croal Valley 
i t s e l f has deposits of d e l t a gravels, sands and s i l t s (Tonks et aj.., 
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1931). General features of the Mersey catchment are given by Holland and 
Harding (1984). 
Three s i t e s were used; two on the R. Croal (0267) and one (0378-90) 
on ii small right-bank t r i b u t a r y , Blackshaw Brook (Table 3.5). 
Table 3.5 Sampling s i t e s i n Croal Valley (blank = not sampled). 





R. Croal SD 736075 60 2 
R. Croal SD 749066 50 2 
Blackshaw Brook SD 744075 50 
3.3 ENVIRONMENTAL BACKGROUND TO SITES IN N-E. ENGLAND 
3.31 I n t r o d u c t i o n 
A wide range of water chemistries were encountered during the study; 
these are summarized i n t h i s s e c t i o n , along w i t h d e t a i l s of macrophytes 
found i n the study reaches. 
3.32 Water Chemistry 
The a v a i l a b i l i t y of s u i t a b l e substrates f o r c o l o n i z a t i o n i n r i f f l e 
sections meant t h a t most of the reaches studied had moderately f a s t 
c u r r e n t speeds (Table 3.6); the turbulence i n these areas acted to keep 
them close t o s a t u r a t i o n w i t h respect to dissolved oxygen, even i n 
reaches w i t h considerable inputs of organic p o l l u t i o n (e.g. 0014-40, 
0024-20; 0024-22; see Table 3.3). T y p i c a l l y pH values were > 7.0 
(exception =^  0012-28), i n d i c a t i n g the pH preference of the species 
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recorded i n previous studies (Merry et a l . , 1981; Wehr, 1983; Wehr & 
Whitton, 1983a). During a more in t e n s i v e study of four of these reaches 
(0091-05; 0288-70; 0309-80; 0310-90; see Chapter 4) these values 
f l u c t u a t e d by up t o +0.3 pH u n i t s . 
On the basis of anion and cation analyses, the study s i t e s i n M-E. 
England resolve i n t o two d i s t i n c t groups (Table 3.7; Table 3.8): Durham 
C o a l f i e l d (FRP > 100 yg g~^; NO„-N > 10 mg l""^; Na > 40 mg 1~-^; X > 10 
mg l " " ^ ) and the Northern Pennines (FRP < 30 pg ; NO -N < 2 mg l"'^; 
Na < 10 mg l""^; K < 10 mg l " ' ^ ) . These r e f l e c t both differences i n 
bedrock geology and the d i f f e r e n t i n t e n s i t i e s of land use and population 
e t c . ( 3 . 2 ) . Those streams i n the Northern Pennines w i t h r e l a t i v e l y high 
concsntrations of n u t r i e n t s (0012-45; 0288-70; 0288-90) are associated 
w i t h l o c a l concentrations of population or more in t e n s i v e a g r i c u l t u r a l 
a c t i v i t y . 
There i s a wide range of concentrations of hardness components; 
concentrations of Ca range from 17.6 mg 1 ^ (0310-90) to 85 mg 1 " 
(0005-44). Most are, however, over 40 mg 1 ^ and there i s no c l e a r 
d i s t i n c t i o n between upland and lowland streams. 
The highest concentration of zinc measured during the survey was 2.05 
rag I (0012-28) although concentrations of up t o 7.07 mg l"""^ have been 
measured i n 0024-22 (Table 3.4). Concentrations i n the metal-enriched 
streams of the Northern Pennines were generally less than 0.5 mg 1 ^ 
w i t h two exceptions: 0012-28 (Zn. . . (Zn. ) = 2.06 mg l"'^; 
X O L Q. 1 L 
Zn f i l t r a b (Zn^) = 2.05 mg 1 ) and 0048-80 (Zn^ = 1.39 mg 1 ; Zn^ 
0.475 mg 1 ""^) . There i s a large d i f f e r e n c e i n the r a t i o s of Zn t o 
Zn between these streams; the mean r a t i o was 0.82 (SD = 0.25) 
f 
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Table 3.6 Physico-chemical v a r i a b l e s i n study reaches i n K-E. England. 
stream 
-reach 
date curr e n t cond. pH t o t a l dissolved 
speed a l k a l i n i t y oxygen 




































































































Table 3.7 Anion chemistry i n study reaches i n N-E. England on 24-7-1986 
(AM = Alston Moor; DC = Durham C o a l f i e l d ; WD = Weardale). 
stream-reach area FRP 
,-1 
NOg-N 
-1 (yg 1 ^) (mg 1 ^) 
SO^ -S CI 
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3.33 Macrophytes 
Sixteen macrophytes (sensu Holmes & Whitton, 1977) were encountered 
d u r i n g t h i s study (Table 3.9). The s e l e c t i o n of reaches was weighted 
towards those w i t h populations of Rhynchostegium; twelve out of fourteen 
reaches contained t h i s species. The next most abundant species were 
F o n t i n a l i s a n t i p y r e t i c a (three reaches), Lemanea f l u v i a t i l i s ( four 
reaches), Cladophora glomerata, Stigeoclonium tenue and Amblystegium 
r i p a r i u m (three reaches each). The r i c h e s t aquatic bryophyte f l o r a s were 
found i n upland streams such as 0055-30, 0091-05 and 0310-90; some 
species (e.g. Hygrohypnum spp., C i n c l i d o t u s f o n t i n a l o i d e s and Racomitrium 
a c i c u l a r e ) were found only here. The l a t t e r two species were 
c h a r a c t e r i s t i c of the upper parts of boulders subject t o only periodic 
immersion. Amblystegium r i p a r i u m was confined t o lowland s i t e s , 
r e f l e c t i n g i t s observed p r e d i l e c t i o n f o r r e l a t i v e l y n u t r i e n t r i c h waters 
(Whitton et al,., 1981; Holland & Harding, 1984). Cladophora glomerata i s 
also c h a r a c t e r i s t i c of eutrophic waters but i s i n t o l e r a n t of heavy metals 
(Whitton, 1970); i t i s found a t the two s i t e s on Durham C o a l f i e l d w i t h 
low concentrations of heavy metals (0005-44 and 0012-40) but also at 
0091-05 i n Alston Moor which i s r e l a t i v e l y n u t r i e n t poor. Two aquatic 
vascular p l a n t s were observed; Equisetum arvense at two s i t e s i n the 
Northern Pennines and Ranunculus p e n i c i l l a t u s at 0014-40. Potamogeton 
pectinatus was observed i n 0024 approximately 1 km upstream of 0024-20. 
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Table 3.9 Macrophytes present i n study reaches i n N-E. England (Lf = 
Lemanea f l u v i a t i l i s ; Ba = Batrachospermum sp.; Cg = Cladophora glomerata; 
Mo = Mougeotia sp.; Bp = Bryum pseudotriquetrum; Cf = Cinclidotus 
f o n t i n a l o i d e s ; Ra = Racomitrium a c i c u l a r e ; Rr = Rhynchostegium 
r i p a r i o i d e s ; Ar = Amblystegium riparium; Af = A. f l u v l a t i l e ; Fa = 
F o n t i n a l i s a n t i p y r e t i c a ; Ho = Hygrohypnum ochraceum; HI = H. luridum; 
Ea = Equisetum arvensc; Rp = Ranunculus p e n i c i l l a t u s var p e n i c i l l a t u s ) . 
stream-reach Lf Ba Cg St Mo Bp Cf Ra Rr Ar Af Fa Ho HI Ea Rp 
0005-44 1 1 1 1 1 
0012-28 1 
0012-45 1 1 
0014-40 1 1 1 1 
0024-20 1 1 1 
0024-22 1 1 1 1 
0048-80 1 
0055-30 1 1 1 J 1 




0309- 80 1 1 
0310- 90 1 ] 1 1 1 
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3.4 DETAILS OF SITES USED FOR GROWTH STUDY 
3.41 I n t r o d u c t i o n 
Four s i t e s i n the Northern Pennines were chosen f o r the growth study 
such t h a t a l l could be sampled i n one day. C r i t e r i a used to select s i t e s 
included a good growth of Rhynchostegium attached to movable boulders ( i n 
p r a c t i c e the size of boulders was determined u l t i m a t e l y by the flow 
regime w i t h i n the stream). A l l s i t e s were i n upland areas; no lowland 
s i t e s i n the immediate v i c i n i t y were able to f u l f i l the above c r i t e r i a ; 
and they included s i t e s w i t h and without metal contamination and with 
d i f f e r e n t n u t r i e n t regimes. 
3.42 Environment of streams 
3 . 421 I n t r o d u c t i o i ! 
I t was not possible to c o l l e c t a l l of the environmental data from the 
immediate l o c a l i t y of the study s i t e s . Meteorological and discharge data 
were supplied by the Northumbrian Water A u t h o r i t y (N.W.A.) from a 
meteorological s t a t i o n at Burnhope Reservoir i n Weardale (N'Y 846393, 357 
m) ar.d a flow-gauging s t a t i o n at Harwood Beck i n Upper Teesdale (NY 
849309, 390 m). These s i t e s are both w i t h i n 20 km of the f i e l d s i t e s and 
are of a s i m i l a r a l t i t u d e (Table 3.1; Table 3.2). These data are 
presented to give a broad i n d i c a t i o n of seasonal changes in the 
environment during the study period. 
3.422 A i r temperature 
Maximum and minimum a i r temperatures c o l l e c t e d from Rurnhope Reservoir 
are p l o t t e d as weekly means ( F i g . 3.3). These ind i c a t e the r e l a t i v e l y 
cool c]i."nale experienced a t these a l t i t u d e s ; only three weeks had a 
weekly mean maximum temperature of 20 °C or more, w h i l s t the minimum 
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Fig. 3.3 Weekly mean maximum and minimum temperatures at Burnhope 























' < 9 
O 
O 
o ^ • m 
^ o 
o 










J A S O N D J F M A M J J 
1985 1986 
• = m a x i m u n n 
o = minimum 
90 
temperature was at or below 0 °C f o r fourteen weeks. The coldest month 
was February and the warmest was July. 
3.423 P r e c i p i t a t i o n 
P r e c i p i t a t i o n was c o l l e c t e d i n a r a i n gauge, 12.5 cm i n diameter and 
.30 cm above the ground at Burnhope Reservoir, at 0900 each morning. 
.Monthly means f o r 1984-85 and 1985-86 are presented as a histogram (Fig. 
3.4). The maximum p r e c i p i t a t i o n i n 1985-86 f e l l during the winter 
months; the wettest month was January 1986 and the d r i e s t was October 
1985. Note also the p a r t i c u l a r l y wet August i n 1985 compared with data 
f o r 1984. 
3.424 Flow 
Flow data from Harwood Beck are presented as a histogram (Fig. 3.5) to 
give an i n d i c a t i o n of l i k e l y v a r i a t i o n s i n the reaches under 
consideration. There i s a s i g n i f i c a n t c o r r e l a t i o n ( r = 0.905 ***) 
between mean flow and mean r a i n f a l l ; maximum flows were recorded during 
win t e r but, as i n 3.423, the value recorded f o r August 1985 was 
p a r t i c u l a r l y high. 
3.43 D e t a i l s of study s i t e s 
3.43] Foreshield Burn, reach 0091-05 
This s i t e drains open moorland and some improved pasture and contains 
r e l a t i v e l y low concentrations of n u t r i e n t s (Table 3.7) and heavy metals. 
The reach was h e a v i l y shaded by Acer pseudoplatanus and Sorbus aucuparia 
( F i g . 3.6). Rhynchostegium was f a i r l y abundant, providing about 30% 
cover, and was the dominant macrophyte although several others were 
observed (Table 3.9). I t was found on cobbles and boulders between 200 
and 400 cm i n diameter. 
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Fig . 3.4 Monthly mean p r e c i p i t a t i o n at Burnhope Reservoir i n 1984-85 and 
1985-86. ^VA - m5-s.^^ cKgoW Vvm, ' v'^m-'^s. 
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3.432 B l a g i l l Burn, reach 0288-70 
0288-70 i s s i t u a t e d at the f o o t of a steep wooded bank which caused 
heavy shading (see Table 4.3), again by Acer and Sorbus (Fig. 3.7). I t 
was immediately upstream of a disused a d i t . D i s t r i b u t i o n of 
RhynchosteHium was patchy; on a small (about 2 m high) w a t e r f a l l and on 
an a r t i f i c i a l weir, both below the study reach, cover was between 80% and 
90%; however i n other parts i t was v i r t u a l l y non-existent. In 0288-70 i t 
had a cover of between 10% and 20% on cobbles and boulders between 150 
and 350 i n dia.meter. I t was the only macrophyte i n the reach (Table 
3.9) . 
3.433 Daddryshield Burn, reach 0309-80 
This reach was p a r t i a l l y shaded by Acer, Sorbus and Betula pubescens; 
however the part where the boulders were s i t u a t e d was shaded only by 
herbaceous vegetation and by the bank ( F i g . 3.8). The reach consisted of 
a series of small (about 20 cm high) w a t e r f a l l s composed of large 
boulders (siz e = 250 to 600 cm i n diameter) and bedrock blocks w i t h 
cobbles and pebbles between. The w a t e r f a l l s were covered with 
Rhynchoslegjum and Lemanea f1uv1 a t i I i s i n approximately equal abundance. 
3 .434 "Race F e l l Burn", reach 0310-90 
0330-90 drains a Pinus p l a n t a t i o n and open moorland before j o i n i n g 
0012. Although there are several mines i n the area, the stream i t s e l f 
does not have elevated concentrations of heavy metals. The reach i s 2 m 
above and 8 m below a small (about 1 m high) w a t e r f a l l and i s unshaded 
except by herbaceous vegetation ( F i g . 3.9). I t has a very dense cover of 
Rhynchostegium a l l year round (Wehr & Whitton, 1983b), p a r t i c u l a r l y on 
the w a t e r f a l l and on bedrock, cobbles and boulders between 150 and 500 cm 
i n diameter. The p l a n t s are p a r t i c u l a r l y robust, w i t h large 
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Fig. 3.6 Foreshield Burn, reach 0091-05. 
Fi g . 3.7 B l a g i l l Burn, reach 0288-70. 
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Fig. 3.8 Daddryshield Burn, reach 0309-80. 
Fig. 3.9 "Race F e l l Burn", reach 0310-90. 
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leaves and shoots of above average length and weight (Wehr, 1983). Other 
macrophytes found I n the reach include F o n t l n a l i s a n t i p y r e t i c a , Bryum 
pseudotriquetrum and Hygrohypnum luridum (Table 3.9). 
3.5 DETAILS OF SITES USED FOR CASE STUDY 
3.51 I n t r o d u c t i o n 
The H a l l Chemical Works smelted chromate i n Bolton between 1880 and 
1968. The s p o i l heap r e s u l t i n g from these a c t i v i t i e s was subsequently 
landscaped and revegetated (Gemmell, 1972; 1973: 1974). Before 
revegetation there was considerable leaching of chromium i n t o the R. 
Croal (3 - 5 t yr ^ ) , w i t h pronounced e f f e c t s on the bi o t a (Breeze, 
1973). Afterwards, approximately h a l f of the r a i n f a l l on the s i t e was 
returned t o the atmosphere as evapotranspiration (Gemmell, 1977) and two 
s e t t l i n g tanks c o l l e c t e d much of the remaining drainage. The s i t u a t i o n 
has improved as a r e s u l t of t h i s but the R. Croal s t i l l receives 
s i g n i f i c a n t inputs of chromium (unpublished computer records of North 
West Water A u t h o r i t y (N.W.W.A.)) and these are investigated i n t h i s 
study. 
3.52 Environmental Background 
3.521 Relationship betweer; flow and chromium concentrations 
The v a r i a t i o n i n chromium concentrations i n the Croai below the H a l l 
Chemical Works was studied using data supplied by the N.W.W.A.. The 
maximum concentration "recorded between 1982 and 1984 was 0.215 mg 1 . 
56% of records f o r t h i s period were below 0.053 mg I - l (lowest q u a r t i l e 
of range) and only ~% were above C.]C8 mg ] (upper two q u a r t i i e s of 
range). The greatest v a r i a t i o n i n the chromium concentration occurred at 
periods of low flow ( F i g . 3.10) which tended to occur during July and 
August; t h i s period was chosen f o r the study. 
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Fig. 3.10 R e l a t i o n s h i p between mean d a i l y flow and t o t a l chromium i n R. 
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3.522 De s c r i p t i o n of study s i t e s 
Three s i t e s were chosen f o r study (Table 3.10). Two were on the 
Croal, above (0267-80) and below (0267-85) the Ha l l Chemical Works. 
0267-80 was a f a s t - f l o w i n g canalized s t r e t c h of the r i v e r (Fig. 3.11) and 
0267-85 was a r i f f l e approximately 2 km downstream (Fig. 3.12). Both' 
s i t e s had abundant growths of Cladophora glomerata; other macrophytes at 
the two s i t e s were F o n t i n a l i s a n t i p y r e t i c a and Ranunculus f l u i t a n s at 
0267-80 and Amblystegium r i p a r i u m , traces of F o n t i n a l i s a n t i p y r e t i c a , 
Ranunculus f l u i t a n s and Rorippa nasturtium-aquaticum at 0267-85. The 
t h i r d s i t e (0378-90) was on a small t r i b u t a r y along the N-W. edge of the 
s p o i l heap ( F i g . 3.13), immediately before the stream entered a c u l v e r t 
( F i g . 3.14). The water at t h i s s i t e was s i g n i f i c a n t l y harder than at the 
other s i t e s (Table 3.10) r e f l e c t i n g the l o c a l e f f e c t s of the s p o i l 
(Gemmell, 1977). In a d d i t i o n , i t had an unstable substrate of f i n e sand 
and s i l t , which supported v i s u a l l y - o b v i o u s growths of the blue-green alga 
Flectonema but no macrophytes. 
Table 3.10 Physical and chemical var i a b l e s at case study s i t e s on 1-7-85 
s i t e c u r r e n t cond. 
speed 
(m s"-^  ) (pS cm"-^  ) 
pH t o t a l Ca Cr 
a l k a l i n i t y 
(meq l""^ ) (mg 1 ) (mg 1 
0267-80 0.84 368 7.6 3.8 35.5 0.043 
0257-85 0.38 593 I . o 4.1 $6.3 <0.017 
0378-90 0.36 652 8.6 7.4 75.3 0.504 
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Fi g . 3.11 R. Croal at Darcy Lever, reach 0267-80, 
Fi g . 3.12 R. Croa] at Nob End, reach 0267-90. 
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' ^ ^ ^ ^ 
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Fi g . 3.13 Blackshaw Brook, reach 0378-90. 
Fig. 3.14 Blackshaw Brook, reach 0378-90, showing N-W. 
edge of s p o i l heap. 
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Some a d d i t i o n a l water chemistry data f o r the period of the study was 
obtained from the N.W.W.A., from a sampling p o i n t about 1 km downstream of 
0267-85. This included biochemical oxygen demand (B.O.D.), chemical oxygen 
demand (CCD.) and anion analyses not made during the study (Table 3.11). 
Values f o r B.O.D. and CCD. r e f l e c t the o r g a n i c a l l y - p o l l u t e d state of the 
r i v e r ; values f o r the n u t r i e n t analyses are t y p i c a l of a moderately 
eutrophic r i v e r . 
Table 3.11 Water chemistry i n R. Croal, 13-6-85 t o 20-7-85 ( a l l values, 
except pH, as mg 1 ^ ) . 
n min max mean SD 
pH 13 7.3 7.5 
B.O.D. 13 2.2 24.0 10.5 6.8 
CCD. 13 21.0 141.0 65.4 38.0 
NH -N 13 0.20 2.85 1.65 0.77 4 
NO -N 13 0.40 1.75 0.82 0.36 
NO -N 13 0.08 0.24 0.14 0.05 2 
Cl " 13 17.0 44.0 26.8 8.1 
FRP 13 <0.05 0.30 
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4. GROWTH OF RHYNCHOSTEGIUM 
4.1 INTRODUCTION 
This chapter presents r e s u l t s of a seasonal survey of the rate of 
growth of Rhynchostegium at four s i t e s i n the Northern Pennines. This 
provides a fundamental background against which seasonal v a r i a t i o n s i n the 
a v a i l a b i l i t y of moss f o r monitoring purposes and i t s subsequent accumulation 
of metals may be i n t e r p r e t e d . D e t a i l s of these s i t e s , along with some 
meteorological and environmental data are given i n Chapter 3. Sites were 
sampled at monthly i n t e r v a l s between July 1985 and June 1986. Due to a 
reduced growth r a t e i n wint e r months, temperature was measured but no growth 
measurements were made in February 1986. 
Two p r e l i m i n a r y l a b o r a t o r y experiments are described f i r s t (4.2). 
This i s followed by a d e s c r i p t i o n of the environmental background to the four 
streams i n section 4.3 and growth rates at the four s i t e s i n section 4.4. In 
secti o n 4.46, r e s u l t s from the four s i t e s are com.pared and c o r r e l a t i o n s with 
environmental v a r i a b l e s made. F i n a l i y , estimates of annual dry matter 
production a t the four s i t e s are made (4.5, 4.6). 
4.2 PRELIMINARY EXPERIMENTS 
4.21 I n t r o d u c t i o n 
Two b r i e f l a b o r a t o r y experiments are described to t e s t an i n i t i a l 
assumption regarding growth of shoots - th a t there i s a short region of 
a p i c a l elongation beJow which there i s a l i n e a r r e l a t i o n s h i p between length 
and dry weight. 
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4.22 Shoot extension a t apex 
The zone of elongation of shoot t i p s of Rhynchosteglum from 0310-90 was 
determined using a low-power binocular microscope. 
Leaves were cut o f f from the apex i n three planes (Fig. 4.1); these are 
c l o s e l y bunched to form a c l u s t e r a t the t i p and i n a zone of elongation 
extending 3 mm back from the t i p . Below th.^s leaves are spaced 
e q u i d i s t a n t l y . 
4.23 Relationship between mass and shoot length 
A second p r e l i m i n a r y experiment was performed to r e l a t e increases i n 
length to corresponding increases i n shoot mass. 
Shoots c o l l e c t e d from each of the four reaches were cut i n t o a v a r i e t y 
of lengths, from 0.5 cm to 3.0 cm and samples co n s i s t i n g of known numbers 
of each length d r i e d and weighed. 
There were s i g n i f i c a n t c o r r e l a t i o n s between mass and length f o r a l l 
four s i t e s ( F i g . 4.2, Table 4.1), w i t h regression c o e f f i c i e n t s of between 
0.87 and 1.65. Three of the populations had slopes of > 1.0 and p o s i t i v e 
i n t e r c e p t s ; t h i s i n d i c a t e s t h a t mass increases f a s t e r than length along the 
stem and th a t the a p i c a l 0.5 cm i n these populations has a s l i g h t l y higher 
dry weight than the region below. 
4.3 ENVIRONMENT OF STREAMS 
4.31 Water Temperature 
V a r i a t i o n s i n monthly spot temperature readings are closely c o r r e l a t e d 
(Table 4.2), w i t h an average range between the four s i t e s of 1.9 °C (Fig. 
4.3). These d i f f e r e n c e s are c o r r e l a t e d w i t h the a l t i t u d e of the streams: 
0309- 80 i s the lowest and on 10 out of 12 occasions was the warmest w h i l s t 
0310- 90 i s the highest and gene r a l l y the coolest. 
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Fig. 4.1 Shoot of Rhynchostegium from 0310-90, showing zone of a p i c a l 
elongation. Scale bar = 1 mm. 
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I l l 
F i g . 4.2 R e l a t i o n s h i p between shoot mass and length of Rhynchostegium i n 
four reaches i n N-E. England used i n growth study. 
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Spot temperature readings also c o r r e l a t e d c l o s e l y to mean monthly 
maximum and minimum, temperatures c o l l e c t e d at Burnhope Reservoir (Table 
4.2). 
Table 4.1 Cor r e l a t i o n s and regressions between shoot mass and length f o r 
four populations of Rhynchostegium. 
stream-reach regression equation c o r r e l a t i o n s i g n i f i c a n c e 
c o e f f i c i e n t 
0091-05 y = 1 .45 X - 0, .43 0, .993 *** 
0288-70 y = 1 . 14 X - 0. . 21 0. .991 *** 
0309-80 y = 1 .65 X - 0. . 14 0, .988 *** 
0310-90 y = 0, .87 X - 0. .20 0. .979 *** 
4.32 L i g h t 
I t was not possible t o c o l l e c t l i g h t f l u x data throughout the 12 month 
period; however a set of f i g u r e s f o r comparative purposes was c o l l e c t e d on 
13.6.86. These give an i n d i c a t i o n of the degree of shading experienced at 
each of the four s i t e s by comparing photon f l u x at water l e v e l with photon 
f l u x i n a nearby unshaded area. 
Readings were c o l l e c t e d a t the two posi t i o n s at each s i t e over the 
course of approximately 1 h. These were very variable as the weather 
a l t e r n a t e d between b r i g h t and overcast. Typical values (Table 4.3) show 
a t t e n u a t i o n of l i g h t t o be greatest at 0091-05 , followed by 0288-70 
(70 % ) , 0309-80 (26%) and 0310-90 (21%). There were few trees or shrubs at 
0309-80 and none at 0310-90 and the shading at these s i t e s probably 
represents shading by the stream banks. 
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Fi g . 4.3 Seasonal v a r i a t i o n s i n spot temperature measurements i n fo u r 
reaches i n N-E. England. 
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Table 4.3 Typical values f o r photon f l u x density at each s i t e (pmol photon 
- 2 - 1 
m s ) used i n growth study. 






1100 - 1200 
1000 - 1100 
1400 - 1500 
1500 - 1600 
photon f l u x % attenuation 
water l e v e l c o n t r o l 
240 + 118 1300 + 680 81 
85 + 23 284 + 73 70 
776 + 400 1054 + 32 26 
724 + 145 918 + 121 21 
4.33 Water Chemistry 
Several aspects of water chemistry measured over the 12 month period 
r e f l e c t the c o n t r i b u t i o n s of d i f f e r e n t catchment geologies to the streams 
and, i n p a r t i c u l a r , the influence of the Carboniferous Limestone. Water 
chemistry i s summarized i n Section 3.32 and i n Table 4.4. 
A l l of the streams showed large ranges of pH measurements. A pH of 6.9 
was measured i n 0288-70 i n August 1985 and one of 8.4 i n 0309-80 i n June 
1985. These were the extremes recorded; a l l of the means were i n the range 
7.6 to 7.8. The pH i n 0091-05 tended to be the highest, followed by 0309-
80, 0288-70 and 0310-90. Total a l k a l i n i t y was highest i n 0309-80 and lea s t 
i n 0310-90. Total a l k a l i n i t i e s a t 0091-05 and 0288-70 were very s i m i l a r . 
C o n d u c t i v i t y and the concentration of hardness components (Mg and Ca) 
a l l r e f l e c t the in f l u e n c e of background geology; the "hardest" water was at 
0309-80 and the " s o f t e s t " at 0310-90. 0091-05 and 0288-70 were, again, 
very s i m i l a r (Table 3.6; Table 3.8). 
0288-70 g e n e r a l l y contained higher concentrations of n u t r i e n t elements 
than other streams and 0091-05 contained lower concentrations (Table 4.4). 
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0310-90 had a high concentration of FRP (30.7 mg 1 ''^) compared w i t h other 
streams (Table 3.7). 
The concentrations of both Mn and Fe showed considerable v a r i a b i l i t y , 
however concentrations of both were higher i n 0091-05 and 0288-70 than i n 
0309-80 and 0310-90 (Table 4.4). 
0288-70 and 0309-80 were chosen to represent Zn-enriched streams and 
0091-05 and 0310-90 to represent low-Zn streams. The mean concentrations 
of Zn i n the Zn-enriched steams were 0.230 mg l"'^ (0288-70) and 0.216 
mg 1 •'^  (0309-80). Concentrations i n the low-Zn streams were an order of 
magnitude lower. The demarcation between enriched and unenriched s i t e s f o r 
Cd and Pb was less c l e a r (Table 3.8); the range of mean Cd concentrations 
was from 0.0010 mg 1 " to 0.0015 mg 1 and the range of mean Pb 
concentrations was between 0.0028 mg 1 "'^ and 0.0139 mg 1 . 
4.4 GROWTH OF MOSSES IN STREAMS 
4.41 I n t r o d u c t i o n 
Although the p r o p o r t i o n of streams and r i v e r s i n which Rhynchostegium i s 
found i s high, the microhabitat a t any s i t e which i t may occupy i s q u i t e 
s p e c i f i c ; a l l populations were attached t o a stable substrata, bedrock i n 
0310-90, w a t e r f a l l s a t 0310-90 and 0288-70 and boulders at 0091-05 and 
0309-80. 
During the course of the study several boulders were l o s t , presumably 
due t o high flows and these were replaced by larger boulders. On boulders, 
Rhynchostegium was found mainly on the " t r a i l i n g edge" and on the top of 
the boulder. That on the t r a i l i n g edge was often i n a large weft w h i l s t 
moss on the top grew i n an i n t r i c a t e mat patt e r n which appeared to be an 
e f f e c t i v e sediment t r a p . At 0310-90 t h i s process led, during the course of 
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Table 4.4 Ranking of environmental v a r i a b l e s measured i n four reaches i n 
N-E. England during growth study. 
v a r i a b l e rank 
physico-chemical v a r i a b l e s 
current speed 0310-90 
c o n d u c t i v i t y 0309-80 
pH 0091-05 
t o t a l a l k a l i n i t y 0309-80 







Na f i l t r a b l e 
K f i l t r a b l e 
"^^f i l t r a b l e 
Ca f i I t r a b l e 
"^"f i l t r a b l e 
Fp 
f i l t r a b l e 
Zn f i l t r a b l e 
Cd f i I t r a b l e 














> 0309-80 = 0288-70 > 0091-05 
> 0288-70 > 0091-05 > 0310-90 
> 0309-80 > 0288-70 > 0310-90 
> 0091-05 > 0288-70 > 0310-90 
> 0091-05 > 0288-70 > 0310-90 
> 0288-70 > 0091-05 > 0309-80 
> 0310-90 = 0309-80 > 0091-05 
> 0309-80 > 0310-90 > 0091-05 



















05 > 0288-70 
05 > 0310-90 
05 > 0310-90 
05 > 0310-90 
80 > 0310-90 
90 > 0309-80 
05 > 0310-90 
05 > 0310-90 
90 > 0091-05 
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the study, t o the establishment of a sedge and of the acrocarpous moss Bryu-Ti 
pseudotriquetrum on the boulder. 
4.42 Foreshield Burn, reach 0091-05 
Boulders i n t h i s reach proved r e l a t i v e l y unstable; they were recovered 
from the streams on j u s t nine out of twelve occasions. The rat e of growth of 
moss was q u i t e v a r i a b l e ; the r a t e i n J u l y and August being of the same order 
as rates f o r November to March. The maximum ra t e of growth of Rhynchostegium 
was observed i n June 1986 ( F i g . 4.4); smaller peaks were ireasured i n 
September and December. The low r a t e of growth was not s i g n i f i c a n t l y 
c o r r e l a t e d w i t h temperature ( F i g . 4.5; r = 0.652). 
4.43 B l a g i l l Burn, reach 0288-70 
The boulders were recovered from t h i s reach on a l l but one occasion 
(January 1986). The growth r a t e i n July 1985 was very ra p i d (1.40 mm wk ^ ); 
however t h i s r a t e subsequently declined and remained at approximately 
1.0 mm wk ^ u n t i l November 1985 ( F i g . 4.6). There was s t i l l some growth 
during the w i n t e r months (0.31 mm week " i n December 1985 and 0.38 mm week 
i n February/March 1986). By spring the growth r a t e was increasing again and 
the maximum growth r a t e during t h i s study was observed i n June 1986 
(1.94 mm wk ^ ) . 
There was no s i g n i f i c a n t r e l a t i o n s h i p ( r = 0.609) when growth r a t e was 
considered as a f u n c t i o n of temperature ( F i g . 4.7). 
4.44 Daddryshield Burn, reach 0309-80 
This was the lowest (Table 3.2) and the warmest (Fig. 4.3) of the four 
streams and the growth r a t e of Rhynchostegium was correspondingly f a s t e r than 
i n the other streams ( F i g . 4.8). Boulders were recovered on a l l but one 
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Fig. 4.4 Seasonal changes i n growth r a t e of Rhynchostegium i n 0091-05. 
Fig. 4.5 R e l a t i o n s h i p between growth r a t e of Rhynchostegium and water 
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Fig. 4.6 Seasonal changes i n growth r a t e of Rhynchostegium i n 0288-70, 
Fig. 4.7 R e l a t i o n s h i p between growth r a t e of Rhynchostegium and water 
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one occasion; however i n March 1986 only one l a b e l l e d t i p was found. The 
maximum ra t e of growth was observed i n July 1985 (2.31 mm wk ^) and there 
was a gradual decrease i n the rate u n t i l December (0.40 mm wk The 
rate picked up again i n the Spring and by June 1986 was 2.15 mm wk ^. The 
r a t e of growth was s i g n i f i c a n t l y c o r r e l a t e d with water temperature ( r = 
0.842 **; Fig. 4.9) and i n d i c a t e s r e l a t i v e l y rapid growth at warm water 
temperatures i n the Summer and slower growth i n the Winter. 
4.45 "Race F e l l Burn", reach 0310-90 
0310-90 i s both the highest and the most exposed of the four 
streams. This i s r e f l e c t e d both i n the lower temperatures (4.31) and i n 
the r e l a t i v e l y slow rates of growth ( F i g . 4.10). The rat e of growth was 
highest i n June 1986 (1.44 mm week ^) and the growth rate i n the winter 
months was very slow (0.12 mm wk i n February/March). The stream does, 
however, appear to have a smaller range of discharges; Rhynchostegium i s 
found attached to r e l a t i v e l y small boulders and on no occasion was the 
boulder l o s t due to high flows. 
This stream d i f f e r e d from the others i n t h a t there was a well 
developed peak of growth i n Autumn, to a maximum of 1.2 mm wk ^ : otherwise 
there was no c l e a r r e l a t i o n s h i p ( r = 0.521) between water temperature and 
growth r a t e ( F i g . 4.11). 
4.46 Synthesis of data 
Analysis of data was performed in two parts; analysis of the 
r e l a t i o n s h i p between growth rat e and environmental data f o r each stream, 
followed by analysis of the combined data from the four reaches. 
Data c o l l e c t e d from d i f f e r e n t reaches were compared by both parametric and 
non-parametric t e s t s . Two sorts of parametric tests were performed; 
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Fig. 4.8 Seasonal changes i n growth r a t e of Rhynchostegium i n 0309-80. 
Fig. 4.9 R e l a t i o n s h i p between growth r a t e of Rhynchostegjum and water 
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F i g . 4.10 Seasonal changes i n g r o w t h r a t e o f Rhynchostegium i n 0310-90. 
F i g . 4.11 R e l a t i o n s h i p between g r o w t h r a t e of Rhynchostegium and water 
t e m p e r a t u r e i n 0310-90. 
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product-moment c o r r e l a t i o n c o e f f i c i e n t s and p a i r w i s e t - t e s t s between each 
p a i r o f v a r i a b l e s . The r a t e o f growth was c o r r e l a t e d s i g n i f i c a n t l y between 
t h r e e p a i r s o f streams; 0091-05 and 0310-90, 0288-70 and 0309-80 and 0288-
70 and 0310-90 ( T a b l e 4.5); these i n d i c a t e s t r o n g l i n e a r r e l a t i o n s h i p s 
between t h e r a t e o f growth i n these p a i r s of streams and no such r e l a t i o n s h i p 
between o t h e r p a i r s o f streams. There were s t r o n g d i f f e r e n c e s between 
m o n t h l y r a t e s o f g r o w t h between s e v e r a l p a i r s of streams. These were shown 
by t h e p a i r w i s e t - t e s t s . Three o u t of s i x comparisons were s i g n i f i c a n t a t p 
> 0.05 ( T a b l e 4 . 6 ) ; these were between 0091-05 and 0310-90, 0288-70 and 0309-
80. and 0288-70 and 0310-90. D i f f e r e n c e s i n the monthly r a t e s of growth 
between 0091-05 and 0288-70. between 0091-05 and 0309-80 and between 0309-80 
and 0310-90 were n o t s i g n i f i c a n t . The same p a i r s of streams showed 
s i g n i f i c a n t r e l a t i o n s h i p s i n each case: however \^  i s u n l i k e l y t h a t p a i r s of 
streams which do n o t have s i g n i f i c a n t l i n e a r c o r r e l a t i o n s w i l l have r e s o v a b l e 
d i f f e r e n c e s i n m o n t h l y r a t e s of growth. 
T a b l e 4.5 C o r r e l a t i o n c o e f f i c i e n t s between growth r a t e of Rhynchostegium i n 



















T a b l e 4 . 6 Comparisons o f gr o w t h r a t e o f Rhynchosteglum I n f o u r streams 
u s i n g p a i r w i s e t - t e s t s . 
0091-05 1.000 
0288-70 -0.889 1.000 
0309- 80 -2.318 -3.237^ 1.000 
0310- 90 0.964^ 3.012^ 3.921 1.000 
0091-05 0288-70 0309-80 0310-90 
A v a r i e t y o f n o n - p a r a m e t r i c t e s t s were performed; Spearman's rank 
c o r r e l a t i o n (Rho) and K e n d a l l ' s Tau-B both gave v e r y s i m i l a r r e s u l t s w i t h 
s i g n i f i c a n t d i f f e r e n c e s between 0091-05 and 0310-90, 0288-70 and 0309-80 
and 0288-70 and 0310-90 ( T a b l e 4.7; Table 4 . 8 ) , as f o r the p a r a m e t r i c 
t e s t s . K e n d a l l ' s c o e f f i c i e n t of concordance, a measure of agreement 
c a l c u l a t e d between a l l s a m p l i n g s i t e s gave a v a l u e of 0.754; a s i g n i f i c a n t 
v a l u e which i n d i c a t e d t h a t t h e r e was some degree of s i m i l a r i t y between the 
f o u r s i t e s . 
Table 4.7 Spearman's ran k c o r r e l a t i o n (Rho) c a l c u l a t e d between growth r a t e 
o f Rhynchostegium a t f o u r s i t e s i n growth s t u d y . 
0091-05 1.000 
0288-70 0.536 1.000 
0309- 80 0.429 0.842^ 1.000 
0310- 90 0.881^ 0.754^ 0.503 1.000 
0091-05 0288-70 0309-80 0310-90 
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Table 4.B K e n d a l l ' s Tau-B c o e f f i c i e n t c a l c u l a t e d between growth r a t e of 
Rhynchostegium a t f o u r s i t e s i n growth s t u d y . 
0091-05 1.000 
0288-70 0.536 1.000 
0309- 80 0.429 0.842^ 1.000 
0310- 90 0.714^ 0.600^ 0.503 1.000 
0091-05 0288-70 0309-80 0310-90 
The p o s s i b l e e f f e c t o f seasonal changes was a l s o i n v e s t i g a t e d . The 
gro w t h r a t e a t one s i t e , 0310-90 was c o r r e l a t e d w i t h mean r a i n f a l l 
( n e g a t i v e ) , a t two s i t e s w i t h mean d i s c h a r g e ( n e g a t i v e ) , a t two w i t h 
maximum a i r t e m p e r a t u r e ( p o s i t i v e ) and a t one, 0309-80, w i t h minimum a i r 
t e m p e r a t u r e ( n e g a t i v e ) ( T a b l e 4.9). 
Table 4.7 C o r r e l a t i o n s between e n v i r o n m e n t a l v a r i a b l e s and growth r a t e of 
Rhynchostegium i n f o u r streams. 
s t r e a m - r e a c h 0091-05 0288-70 0309-80 0310-90 
mean r a i n f a l l •0.741 -0.734 -0.366 -0.817 
mean d i s c h a r g e 0.671 ¥:¥r -0.910 -0.641 -0.850^^ 
a i r temp. 
max 
0.572 0.864^ 0.929^^ 0.452 
a i r temp•^ . ^  0.383 0.725 0.922' " 0.288 
T i m e - s e r i e s a n a l y s i s u s i n g a cro s s c o r r e l a t i o n was a p p l i e d t o the data 
t e s t was whether i n any p o p u l a t i o n t h e r e was evidence of a c o n s t a n t 
d e l a y between changes i n t h e environment and t h e growth r a t e o f moss. I n 
each, c r o s s - c o r r e l a t i o n s between v a r i a b l e s were c a l c u l a t e d u s i n g i n c r e a s i n g 
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mo n t h l y l a g s f r o m z e r o t o t h r e e months (Tabl e 4.10). O v e r a l l , c o r r e l a t i o n s 
tended t o decrease w i t h i n c r e a s i n g l a g s . 0310-90 showed a one month l a g i n 
response t o a i r and wa t e r t e m p e r a t u r e s ; however o n l y one of these ( w a t e r 
t e m p e r a t u r e ) was s i g n i f i c a n t and none of t h e o t h e r streams showed a s i m i l a r 
l a g . 
Only one s i t e had a s i g n i f i c a n t r e l a t i o n s h i p between t h e r a t e of moss 
gr o w t h and wa t e r t e m p e r a t u r e (0309-80, see 4.44); however when data from 
a l l s i t e s were p o o l e d t h e n t h e r e were s i g n i f i c a n t r e l a t i o n s h i p s between 
g r o w t h r a t e and wa t e r t e m p e r a t u r e ( r = 0.627 ***, F i g . 4.12), between 
growth r a t e and mean maximum a i r t e m p e r a t u r e ( r = 0.513 **, F i g . 4.13) and 
between g r o w t h r a t e and mean minimum a i r tem p e r a t u r e ( r = 0.507 ***, F i g . 
4.14). U s i n g t h e s i g n i f i c a n t r e g r e s s i o n s t o e x t r a p o l a t e back, then i t i s 
p o s s i b l e t o c a l c u l a t e an approximate minimum tem p e r a t u r e below which t h e 
.Tioss does n o t grow; T h i s corresponds t o a water t e m p e r a t u r e of 1.7 °C, a 
weekly mean maximum a i r t e m p e r a t u r e o f -1.6 °C and a weekly minimum a i r 
t e m p e r a t u r e o f -5.6 °C; however no all o w a n c e i s made f o r the e f f e c t of 
l i g h t on g r o w t h r a t e i n t h i s . 
4.5 Annual g r o w t h r a t e s 
E s t i m a t e s were a l s o made of t o t a l growth over t h e 12 month p e r i o d . 
A p proximate r a t e s f o r the months where no data were c o l l e c t e d were 
e s t i m a t e d from w a t e r t e m p e r a t u r e and F i g . 4.12. Three such replacements 
were necessary f o r 0091-05 and one each f o r 0288-70 and 0309-80. In c r e a s e s 
i n l e n g t h over t h e year ranged from 33.4 mm i n 0310-90 ( u n c o r r e c t e d ) t o 
77.6 mm i n 0309-80 ( u n c o r r e c t e d ) or 73.3 ( c o r r e c t e d ) (Table 4.11). The 
t o t a l i n c r e a s e i n 0309-80 was more t h a n double t h a t i n 0310 ^ 9 0 , 
The r e g r e s s i o n e q u a t i o n s c a l c u l a t e d i n 4.23 (Table 4.1) were used t o 
c o n v e r t t h e s e v a l u e s from i n c r e a s e s i n l e n g t h per u n i t t i m e t o i n c r e a s e s i n 
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Ta b l e 4.10 T i m e - s e r i e s a n a l y s i s o f r e l a t i o n s h i p s between growth r a t e of 
Rhynchostegium and e n v i r o n m e n t a l v a r i a b l e s . 
v a r i a b l e l a g (months) 
0 1 2 3 
0091-05 
r a i n f a l l 0. 741 0. 300 0. 120 -0. 030 
f l o w -0. 671 0. 218 0. 051 0. 183 
max. a i r temp. -0. 572 0. 311 0. 006 -0. 318 
min. a i r temp. 0. 383 0. 348 0. 104 -0. 542 
wa t e r temp. 0. 664 0. 269 0. 090 -0. 637 
0288-70 
r a i n f a l l -0. 734 0. 242 0. 174 -0. 282 
f low 0. * * 910 -0 .101 0. 022 -0. 420 
max. a i r temp. 0. 864* 0. 383 0. 009 -0. 169 
min. a i r temp. 0. .725 0. 289 -0. 026 -0. 301 
w a t e r temp. 0. .548 0. 273 -0. .022 -0. 350 
0309-80 
r a i n f a l l -0, .366 0, .226 0, .065 -0, .693 




0, .184 0 .543 
max. a i r temp. 0 .929 0 .736 * 
.660 
0 .468 -0 .030 
min. a i r temp. 0 * .922 0 0 .212 -0 .205 
wa t e r temp. 0 * .859 0 .700 0 .248 -0 . 187 
0310-90 * 
.817 r a i n f a l l -0 0 .033 0 .276 -0 .080 
f low -0 * .850 -0 . 126 0 . 166 0 .070 
max. a i r temp. 0 .452 0 . 553 0 .434 0 .303 
min. a i r temp. 0 .288 0 .536 0 .528 0 .222 
wa t e r temp. 0 .482 0 .683 0 .560 0 . 176 
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F i g . 4.12 R e l a t i o n s h i p between g r o w t h r a t e o f Rhynchostegium, measured 
i n f o u r reaches i n N-E. England over 12 months, and s p o t w a t e r 





• = 0091-05 
o = 0288-70 
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F i g . 4.13 R e l a t i o n s h i p between g r o w t h r a t e o f Rhynchostegium, measured 
i n f o u r reaches i n N-E. England over 12 months, and mean maximum a i r 
t e m p e r a t u r e : sum.Tied d a t a . 
F i g . 4.14 R e l a t i o n s h i p between g r o w t h r a t e of Rhynchostegium, measured 
i n f o u r reaches i n N-E. England over 12 months, and mean maximum a i r 
te^'.perature. 
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mass ( T a b l e 4.11). I n c r e a s e s i n mass o f between 29.2 mg (0310-90) and 
120.8 mg ( c o r r e c t e d v a l u e , 0309-80) per shoot per year were rec o r d e d . 
T a b l e 4.11 I n c r e a s e i n l e n g t h and mass o f Rhynchostegium over 12 months, 
c a l c u l a t e d from mean mon t h l y growth r a t e w i t h and w i t h o u t c o r r e c t i o n f o r 
m i s s i n g d a t a . 
0091-05 0288-70 0309-80 0310-90 
l e n g t h (mm y r ^ ) 
u n c o r r e c t e d 39.5 54.3 77.6 33.4 
c o r r e c t e d 43.3 51.3 73.3 
mass (mg y r ) 
u n c o r r e c t e d 56.9 61.7 127.9 29.2 
c o r r e c t e d 62.4 58.2 120.8 
4.6 Shoot d e n s i t y and annual p r o d u c t i o n o f d r y m a t t e r 
Measurements o f shoot d e n s i t y were made u s i n g a q u a d r a t of area 6.7 
cm . T h i s was p l a c e d on patches of Rhynchostegium on b o u l d e r s and the 
number o f t i p s was counted. From these i t was p o s s i b l e t o e s t i m a t e annual 
d r y m a t t e r p r o d u c t i o n by m u l t i p l y i n g by the i n c r e a s e i n mass per shoot per 
year ( c o r r e c t e d v a l u e s ; Table 4.11). S p a t i a l d e n s i t y ranged from 4.4 
shoots cm"^ (0288-70) t o 6.4 shoots cm~^ (0310-90) (Table 4.12); t h e 
g r e a t e s t d e n s i t y was a s s o c i a t e d w i t h the s l o w e s t growth r a t e (0310-90) but 
comparison w i t h o t h e r s i t e s showed no c l e a r r e l a t i o n s h i p between growth 
- 2 - 1 
r a t e and shoot d e n s i t y . Dry m a t t e r p r o d u c t i o n i s expressed as g dm y r 
(Ta b l e 4.12) and showed the s e r i e s 0310-90 < 0288-70 < 0091-05 < 0309-80. 
The r a t e i n 0309-80 was t h r e e t i m e s f a s t e r t h a n ^ r a t e i n 0310-90. 
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Tab l e 4.12 S p a t i a l d e n s i t i e s and annual r a t e s o f d r y m a t t e r p r o d u c t i o n of 
Rhynchostegium shoots on b o u l d e r s . . 
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5. DEVELOPMENT OF METHOD FOR USE OF MOSS-BAGS 
5.1 INTRODUCTION 
A l t h o u g h moss-bags have been used i n t h e pa s t f o r m o n i t o r i n g heavy metal 
p o l l u t i o n i n f r e s h w a t e r s ( 1 . 5 2 4 ) , r e s u l t s from these s t u d i e s have r a r e l y 
reached t h e l i t e r a t u r e . I n d i v i d u a l workers have developed methods 
a c c o r d i n g t o s p e c i f i c needs and ci r c u m s t a n c e s and t h e r e has been no a t t e m p t 
t o produce a s t a n d a r d method. T h i s c h a p t e r i s concerned w i t h t h e 
development o f such a method. 
The e x p e r i m e n t s a l l i n v o l v e d m a n i p u l a t i o n s of moss between streams of 
known wa t e r c h e m i s t r i e s . Rhynchostegium was used f o r a l l but one of the 
e x p e r i m e n t s ; i n t h e one e x c e p t i o n F o n t i n a l i s a n t i p y r e t i c a was used. 
I n t e r e s t was fo c u s s e d on t h e metal Zn, a l t h o u g h analyses of Cd and Pb were 
a l s o made, where r e l e v a n t . The p r i n c i p l e q u e s t i o n asked was what are the 
e f f e c t s , i n terms o f r a t e s of a c c u m u l a t i o n e t c . , of t r a n s f e r r i n g moss from 
b o u l d e r s t o mesh bags? Experiments a re concerned w i t h the p h y s i c a l 
e n v i r o n m e n t w i t h i n bags, t h e r a t e of uptake by moss i n bags compared w i t h 
t h a t on b o u l d e r s and t h e e f f e c t s o f bag s t y l e and pa c k i n g on f i n a l 
c o n c e n t r a t i o n s o f heavy m e t a l s . 
5.2 TYPES OF BAGS 
Three t y p e s o f bag were t e s t e d . The m a t e r i a l s were chosen so as t o be 
r e a d i l y a v a i l a b l e t o f u t u r e workers and were a l l o b t a i n e d from h i g h - s t r e e t 
shops. F e a t u r e s o f t h e i r d e s i g n a re l i s t e d i n Table 5.1. 
Types I and I I I were assembled from t h e f a b r i c ; n y l o n monofilament 
f i s h i n g l i n e ( b r e a k i n g s t r a i n = 5.4 kg) was used t o sew p a t t e r n I and s t o u t 
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sewing t h r e a d f o r p a t t e r n I I I . Type I I was o b t a i n e d made-up and i s a bag 
o f t h e t y p e i n which b u l b s , f r u i t and v e g e t a b l e s and t e n n i s b a l l s e t c . a r e 
o f t e n s o l d . 
T a b l e 5.1 Mesh bags used i n t r a n s p l a n t e x p e r i m e n t s . 
p a t t e r n f a b r i c s i z e (cm) c o l o u r 
I I 
I IT 
garden n e t t i n g , sewn t o g e t h e r 15 x 15 
w i t h n y l o n m o n o f i l a m e n t 
m a n u f a c t u r e d n y l o n 30 x 30 
mesh bag 
m u s l i n , sewn up w i t h 15 x 15 
s t o u t t h r e a d 
green 
orange 
w h i t e 
5.21 E f f e c t upon p h y s i c a l environment w i t h i n bag 
I f moss-bags are t o be used f o r extended p e r i o d s then i t i s of i n t e r e s t 
t o examine t h e e f f e c t s o f the bag upon the p h y s i c a l environment around t h e 
moss. Experiments were conducted on the e f f e c t of each type of bag on 
w ater c u r r e n t and l i g h t p e n e t r a t i o n . 
The e f f e c t of t h e bags on c u r r e n t speed was t e s t e d u s i n g an a r t i f i c i a l 
s tream t a n k and c u r r e n t meter ( 2 . 1 3 ) . The bag was h e l d across the w i d t h o f 
t h e t a n k and t h e c u r r e n t speed t h r o u g h a double l a y e r of f a b r i c was 
measured 50 cm downstream o f t h e bag (Table 5.2). P a t t e r n I had l i t t l e 
e f f e c t upon t h e stream c u r r e n t w h i l s t p a t t e r n I I I , due t o i t s c l o s e weave, 
was a co.-;siderable o b s t a c l e . P a t t e r n I I f e l l between p a t t e r n s I and I I I . 
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L i g h t p e n e t r a t i o n t h r o u g h t h e bags was a l s o measured. P a t t e r n I caused t h e 
l e a s t a t t e n u a t i o n and p a t t e r n s I I and I I I b o t h removed a t h i r d o f i n c i d e n t 
l i g h t . 
T a b l e 5.2 E f f e c t o f mesh-bags on p h y s i c a l environment o f moss. 
P a t t e r n mesh s i z e c u r r e n t speed l i g h t f l u x 
(meshes cm ^) (cm s ^) (S a t t e n u a t i o n ) 




I 0. .9 0. ,246 0. .209 15 
I I 0, .6 0, .213 0 ,086 49 
I I I 0, .07 0. .225 0 .001 99.5 
5.3 EXPERIMENTS ON METAL ACCUMULATION WITHIN mSE BAGS 
5.31 Comparison o f a c c u m u l a t i o n by Rhynchostegiun on b o u l d e r s and i n bags. 
Uptake o f Zn, Cd and Pb by Rhynchostegium on b o u l d e r s and i n mesh 
bags ( p a t t e r n I , 5.2) was f o l l o w e d , u s i n g a p o p u l a t i o n from 0310-90 
t r a n s p l a n t e d i n t o 0012-45. E n v i r o n m e n t a l v a r i a b l e s i n t h e two streams a re 
g i v e n i n Table 5.3. 
Uptake o f a l l t h r e e m e t a l s c o n t i n u e d t h r o u g h o u t t h e experiment ( ? i g . 
5 . 1 ) . Two phases o f u p t a k e o f Zn and Pb were a p p a r e n t ; an i n i t i a l , r a p i d 
phase l a s t i n g a p p r o x i m a t e l y 6 h, f o l l o w e d by a p e r i o d o f slower 
a c c u m u l a t i o n . The d e m a r c a t i o n i n t o two phases was n o t apparent f o r Cd, 
however t h e c o n c e n t r a t i o n s , and t h e r e f o r e t h e f l u x e s , are two and t h r e e 
o r d e r s o f magnitude r e s p e c t i v e l y lower t h a n f o r Zn and Pb. 
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Table 5.3 S e l e c t e d e n v i r o n m e n t a l v a r i a b l e s i n 0012-45 d u r i n g t r a n s p l a n t 
-1 e x p e r i m e n t ( m e t a l s as mg 1 f o r f i l t r a b l e f r a c t i o n ; b l a n k s 
v a l u e s ) . 
m i s s i n g 
d a t e t i m e c u r r . temp. pH 
(m s " l ) (°C) 
19.6.84 0950 0.294 15.5 7.6 
1050 0.372 16.0 7.7 
1150 0.350 17.0 7.8 
1250 0.280 17.5 7.8 
1350 0.315 18.0 7.8 
1450 0.339 18.5 7.8 
1550 0.375 18.5 7.8 
1750 0.366 19.0 7.8 
2150 0.282 18.0 7.9 
20.6.84 1010 0.326 15.0 7.8 
21.6.84 0950 0.319 13.0 7.8 























56.4 0.148 0.0084 
Samples o f j^n s i t u Rhynchoste^ium were a l s o c o l l e c t e d d u r i n g the study 
f o r comparison w i t h t r a n s p l a n t e d moss (Table 5.4). At t h e end o f t h e 
e x p e r i m e n t ( t = 101 h ) , t h e c o n c e n t r a t i o n of Zn i n the t r a n s p l a n t e d moss 
was a p p r o x i m a t e l y e q u a l t o t h e c o n c e n t r a t i o n i n the in s i t u moss, the 
c o n c e n t r a t i o n o f Cd was s l i g h t l y below, and t h e c o n c e n t r a t i o n of Pb was 
s i g n i f i c a n t l y below t h a t i n t h e i n s i t u .moss. 
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F i g . 5.1 A c c u m u l a t i o n o f Zn, Cd and Pb by Rhynchostegium on b o u l d e r s and 
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Tabl e 5.4 Comparison o f c o n c e n t r a t i o n s o f metals i n i n s i t u moss and i n 
moss t r a n s p l a n t e d i n t o 0012-45 on b o u l d e r s and i n bags ( m e t a l a c c u m u l a t i o n 
I n Pg g ^. f i g u r e s i n b r a c k e t s = 95^ c o n f i d e n c e l i m i t s ) . 
Time ( h ) m e t a l 
t r a n s p l a n t e d moss 
bag b o u l d e r 




Zn 875 .8 939 .7 2851 .4 
(31 .0) (49, .8) (879, .0) 
Cd 3 .80 2, .34 10, .38 
(0, .53) (0, .31) (2. ,09) 
Pb 94 .0 108. .0 426, .0 
(9. .8) ( 1 1 . .4) (255. .0) 
Zn 3775 .3 3385, .9 3537 , .2 
(234. .4) (587. V (556. 6) 
Cd 7 , .49 9. .97 11, .40 
(0. .67) ( 1 . ,38) (2. ,06) 
Pb 333, .0 235. ,0 462 , .0 
(35. ,5) (101 . .3) (113. .0) 
Four s e t s o f r e g r e s s i o n e q u a t i o n s were c a l c u l a t e d ; on a l l sample means 
f o r each t r e a t m e n t , b o t h w i t h and w i t h o u t a n a t u r a l l o g a r i t h m 
t;ransf o r m a t i o n . and on thp samples < 6.0 h ( " r a p i d phase") and > 6.0 h 
("slow pha s e " ) . Regressions c a l c u l a t e d f o r a l l samples, both w i t h and 
w i t h o u t l o g ^ t r a n s f o r m a t i o n , were s i g n i f i c a n t f o r Zn, Cd and Pb (Table 
5 . 5 ) . The r a p i d phase o f Zn a c c u m u l a t i o n by moss i n bags was s i g n i f i c a n t 
w h i l s t t h a t on b o u l d e r s was n o t . Both t r e a t m e n t s were h i g h l y s i g n i f i c a n t 
f o r the slow phase. For Cd uptake t h e i n i t i a l 6 h i s s i g n i f i c a n t f o r 
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t a b l e 5.5 R e g r e s s i o n e q u a t i o n s and s i g n i f i c a n c e l e v e l s f o r Zn, Cd and Pb 
a c c u m u l a t i o n d u r i n g t r a n s p l a n t experiment i n 0012-45 (degrees o f freedom 
and, t h e r e f o r e , l e v e l s o f s i g n i f i c a n c e v a r y between t r e a t m e n t s ) ; see 5.31. 
ZINC 
a l l d a t a , normal y 
r 
bags v t i m e 
31.03 x 4 835.88 ** 
0.983 ** 
b o u l d e r s v t i m e 
y = 25.32 x + 712.36 ** 
r = 0.974 ** 
a l l d a t a , l o g y 
r 
522 X + 436.31 ** 
0.881 ** 
y = 402 X + 426.25 ** 
r = 0.823 ** 
< 6.0 h y 
r 
78.05 X + 668.40 ** 
0.816 ** 
y = 47.92 X -i 641.15 N.S 
r = 0.577 N.S. 
> 6.0 h y 
r 
CADMIUM 
a l l d a t a , normal y 
r 
28.94 X + 977.74 ** 
0.988 ** 
0.057 X + 3.028 ** 
0.722 ** 
y = 24.91 X + 737.97 ** 
r = 0.976 ** 
y = 0.074 X + 2.868 ** 
r = 0.879 ** 
a l l d a t a , l o g y 
r 
1.237 X + 1.852 ** 
0.815 ** 
y = 1.352 X + 1.763 ** 
r = 0.844 ** 
< 6.0 h y 
r 
0.65 X + 1.026 * 
0.697 * 
y = 0.41 X + 1.787 N.S. 
r = 0.505 N.S. 
> 6.0 h y 
r 
LEAD 
a l l d a t a , normal y 
r 
0.027 X + 5.206 N.S, 
0.558 N.S. 
2.017 X + 154.41 ** 
0.828 ** 
y = 0.068 X + 3.234 ** 
r = 0.998 ** 
y = 1.424 X + 99.81 ** 
r = 0.832 ** 
a l l d a t a , l o g y 
r 
36.25 X + 125.47 ** 
778 ** 
y = 26.78 X - 77.33 ** 
r = 0.818 ** 
< 6.0 h, normal y 
r 
2.27 X -f 146.29 N.S 
0.097 N.S. 
y = J .32 X + 93.08 N.S 
r = 0.092 N.S. 
> 6.0 h, normal y 
r 
1.59 X + 185.23 * 
0.948 ** 
y = 1.19 X - 116.04 N.S. 
r = 0.849 * 
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"bags" y e t n o t s i g n i f i c a n t f o r " b o u l d e r s " . The slow phase i s t h e o p p o s i t e , 
n o t s i g n i f i c a n t f o r "bags" and h i g h l y s i g n i f i c a n t f o r " b o u l d e r s " . For Pb 
up t a k e , n e i t h e r "bags" or " b o u l d e r s " are s i g n i f i c a n t f o r t h e r a p i d phase 
and o n l y "bags" a r e s i g n i f i c a n t f o r t h e slow phase. There i s c o n s i d e r a b l e 
" n o i s e " i n t h e i n i t i a l phases o f uptake of a l l t h r e e m e t a l s . 
The s i g n i f i c a n t r e g r e s s i o n s were compared (bag v b o u l d e r ) u s i n g ANOVA 
(T a b l e 5 . 6 ) . Of t h e s i x comparisons o n l y one, Zn w i t h no t r a n s f o r m a t i o n , 
was s i g n i f i c a n t where moss i n bags appeared t o accumulate Zn a t a 
s i g n i f i c a n t l y h i g h e r r a t e t h a n moss on b o u l d e r s . This ANOVA was performed, 
however, on t h e sample means o n l y . I f the 95% c o n f i d e n c e l i m i t s f o r each 
p o i n t ( F i g . 5.1) a r e a l s o t a k e n i n t o account, t h e n the v a r i a t i o n w i t h i n t he 
samples appears t o be g r e a t e r t h a n the v a r i a t i o n between t h e two 
t r e a t m e n t s . 
T a b l e 5.6 A n a l y s i s o f v a r i a n c e between t r e a t m e n t s ( b o u l d e r s v bags) d u r i n g 
t r a n s p l a n t e x p e r i m e n t 
Zn Cd Pb 
no t r a n s f o r m a t i o n 6.23* 0.631 1.402 
l o g ^ t r a n s f o r m a t i o n 1.397 0.088 0.822 
5.32 Comparison o f d i f f e r e n t p a t t e r n s o f bags 
The e f f e c t of d i f f e r e n t meshes on a c c u m u l a t i o n of Zn by Rhynchostegium 
i n moss-bags was t e s t e d by t r a n s p l a n t i n g a p o p u l a t i o n from 0310-90 t o 
0024-22. Three p a t t e r n s o f bag were used ( 5 . 2 ) , each c o n t a i n i n g s u f f i c i e n t 
moss f o r one sample t o be tak e n f o r a n a l y s i s . A d d i t i o n a l samples of moss 
were a t t a c h e d t o t h e s t a k e s w i t h l e n g t h s of s t r i n g . These acted as 
c o n t r o l s . E n v i r o n m e n t a l v a r i a b l e s were measured t h r o u g h o u t the course of 
th e e x p e r i m e n t ( T a b l e 5 . 7 ) . 
150 
Tab l e 5.7 S e l e c t e d e n v i r o n m e n t a l v a r i a b l e s d u r i n g moss-bag t r a n s p l a n t 
e x p e r i m e n t i n 0024-22 ( m e t a l s i n mg 1 ^ f o r f i l t r a b l e f r a c t i o n ; b l a n k s 
m i s s i n g v a l u e s ) . 
s i t e d a t e t i m e c u r r . temp. pH Ca Zn 
(m s-1) CC) 
0310-90 1.6.84 0900 10 .0 5 .9 20 .1 0.03 
0024-22 1.6.84 1120 12 .0 7 .0 56 . 1 1.56 
1220 0 .291 12 .3 7 .0 60 .1 1.86 
n 1320 0 .232 13. 0 7 0 58 6 1.81 
1420 0 267 13 . 5 7 1 58 6 1.50 
1520 0 .261 13. 8 7 0 67 2 1.47 
„ 1620 0 268 14. 0 7 0 74 0 1.61 
1720 0 238 13. 8 7 0 73 9 1.71 
I t t l 1930 0 215 13. 0 7 0 72 3 1.81 
2320 11. 0 6 9 67 8 1.65 
2.6.84 1120 0 274 13. 5 6 9 60 1 1.36 
3.6.84 1120 13. 0 6 8 65 0 1.67 
4.6.84 1950 0 245 13. 0 6 6 49 0 1.80 
U n l i k e the p r e v i o u s e x p e r i m e n t , t h e uptake curves appeared 
s a t u r a t i o n a f t e r 4 - 6 h ( F i g 5.2) , and the r a p i d " phase of 
f o r 5 h. T h i s was based upon a v i s u a l e x a m i n a t i o n of t h e uptake curves and 
i s s l i g h t l y d i f f e r e n t t o t h a t used i n 5.31. The r e g r e s s i o n s based upon 
a l l o f t h e samples were a l l s i g n i f i c a n t ; t he l o g ^ t r a n s f o r m e d d a t a had both 
h i g h e r l e v e l s o f s i g n i f i c a n c e i n the r e g r e s s i o n and h i g h e r c o r r e l a t i o n 
c o e f f i c i e n t s . A l l o f t h e r e g r e s s i o n s c a l c u l a t e d f o r t h e r a p i d phase were 
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F i g . 5.2 A c c u m u l a t i o n o f Zv. by Rhynchostegium t r a n s p l a n t e d i n t o 0024-22 i n 
t h r e e p a t t e r n s o f mesh bag. \ . 
i = c o n t r o l 
i i = p a t t e r n I 
i i i = p a t t e r n I I 
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a l s o h i g h l y s i g n i f i c a n t and h i g h l y c o r r e l a t e d ; however two of the 
r e g r e s s i o n s f o r t h e slow phase were n o t s i g n i f i c a n t . These were between 
t i m e and p a t t e r n I I bags and time and p a t t e r n I I I bags. 
ANOVA was perfo r m e d between a l l p a i r s o f s i g n i f i c a n t r e g r e s s i o n s ( T a b l e 
5 . 8 ) ; however none o f t h e comparisons were s i g n i f i c a n t . I n a l l b u t one 
i n s t a n c e t h e v a l u e o f F was l e s s t h a n 1.0, i n d i c a t i n g t h a t r e s i d u a l 
v a r i a t i o n exceeded t h e v a r i a t i o n o f the combined r e g r e s s i o n s . 
T able 5.8 A n a l y s i s o f v a r i a n c e between a c c u m u l a t i o n of Zn i n d i f f e r e n t 
p a t t e r n s o f mesh bag d u r i n g t r a n s p l a n t experiment i n 0024-22. 
c o n t r o l p a t t e r n I p a t t e r n I I 
1. a l l d a t a , no t r a n s f o r m a t i o n 
p a t t e r n I 0.378 
p a t t e r n I I 0.171 0.003 
p a t t e r n I I I 0.652 0.077 0.075 
2 . a l l d a t a , l o g e t r a n s f o r m a t i o n 
p a t t e r n I 0.544 
p a t t e r n I I 0.002 0.360 
p a t t e r n I I I 0.381 0.00004 0.289 
3. < 5.0 h, no t r a n s f o r m a t i o n 
p a t t e r n I 0.021 
p a t t e r n I I 0.463 
p a t t e r n I I I 0.372 0.557 0.028 
4. > 5.0 h, no t r a n s f o r m a t i o n 
p a t t e r n I 0.512 
p a t t e r n I I 0.968 0.319 
p a t t e r n I I I 1.846 
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5.33 V a r i a t i o n i n Zn a c c u m u l a t i o n between r e p l i c a t e bags. 
The w i t h i n - and between-bag v a r i a t i o n was t e s t e d on data c o l l e c t e d 
d u r i n g a t r a n s p l a n t e x p e r i m e n t between 0005-44 and 0024-22. F i v e r e p l i c a t e 
bags ( p a t t e r n I I , T able 5.1) of moss were suspended i n the r i v e r and a t 
each s a m p l i n g o c c a s i o n a sample was c o l l e c t e d from each. 
D u r i n g t h e exp e r i m e n t t h e c o n c e n t r a t i o n o f Zn i n 0024-22 was v e r y h i g h 
( x (+ SD) = 6.34 (+ 1.20) mg 1 ~ \ n = 6) and t h i s i s r e f l e c t e d i n the h i g h 
c o n c e n t r a t i o n s measured i n b o t h t r a n s p l a n t e d ( T a b l e 5.9) and i n s i t u 
Rhynchostegium (29764 pg g ^ ) . 
T a b l e 5.9 C o n c e n t r a t i o n s o f Zn i n water and i n Rhynchostegium d u r i n g 
t r a n s p l a n t e x p e r i m e n t i n 0024-22. 
Time f r o m 




















ANOVA perfor.med on t h e da t a (TabJe 5.10) showed s i g n i f i c a n t v a r i a t i o n 
between samples o f t h e i n s i t u p o p u l a t i o n and between bags a t t = 2 h and t 
= 6 h. There were n o t s i g n i f i c a n t amounts of v a r i a t i o n between r e p l i c a t e 
bags a t o t h e r t i m e s . 
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Tab l e 5.10 A n a l y s i s o f v a r i a n c e w i t h i n and between r e p l i c a t e bags of moss 
t r a n s p l a n t e d i n t o 0024-22. 
source 
t = 0 h 
between 
w i t h i n 
t = 2 h 
between 
w i t h i n 
t = 4 h 
between 
w i t h i n 
t = 6 h 
between 
w i t h i n 
t = 8 h 
between 
w i t h i n 
t = 12 h 
between 
w i t h i n 
i n s i t u 
between 
w i t h i n 
















sum o f 
squares 
1.24 X lO"^  
2.27 X lO"^  
3.07 X lO: 
9.97 X 10 
3.87 X 10^ 
1.42 X 10^ 
3.21 X 10^ 
1.20 X 10" 
3.16 X 10^ 
3.34 X 10 
2.46 X l o : 







3.09 X lo;: 
1.26 X lO' 
7.67 X 10. 
5.54 X lO' 
8 
9.67 X lO: 
7.47 X 10 8 
8.03 X l o ; 
6.65 X 10' 
7.89 X 10^ 
1.51 X lo' 
8.19 X 10^ 
1.14 X 10^ 
8 
3.07 X 10 
2.85 X 10 
11 

















5.34 Homogeneity o f m e t a l a c c u m u l a t i o n w i t h i n l a r g e packed bags. 
The e f f e c t o f bag p a c k i n g on t h e r a t e o f metal a c c u m u l a t i o n was t e s t e d 
on a p o p u l a t i o n from 0055-30 t r a n s p l a n t e d t o 0048-80 i n l a r g e moss-bags 
( p a t t e r n I I , 5.2) and l e f t f o r f o u r days. A f t e r f o u r days t h e bags were 
c a r e f u l l y removed from t h e r i v e r and samples were taken from the c e n t r e and 
t h e edge. P h y s i c o - c h e m i c a l v a r i a b l e s and c a t i o n samples were a l s o 
c o l l e c t e d ( T a b l e 5.11). 
T a b l e 5.11 S e l e c t e d e n v i r o n m e n t a l v a r i a b l e s i n 0055-30 and 0048-80 d u r i n g 
moss-bag t r a n s p l a n t e x p e r i m e n t ( m e t a l c o n c e n t r a t i o n s i n mg 1 '^  f o r 
f i l t r a b l e f r a c t i o n ) . 
r e a c h d a t e t i m e c u r r e n t speed pH Ca Zn 
(m s " ^ 
0055-30 10.8.84 1340 0.679 7.6 25.8 0.075 
0048-80 15.8.84 1345 0.166 8.0 65.4 1.62 
The two t r e a t m e n t s were n o t s i g n i f i c a n t l y d i f f e r e n t f o r any of t h e 
t h r e e m e t a l s ( T a b l e 5.12). For Zn and Pb t h e samples from t h e edge 
c o n t a i n e d h i g h e r c o n c e n t r a t i o n s than samples from t h e c e n t r e , w h i l s t f o r Cd 
t h e o p p o s i t e was t r u e . The 95% c o n f i d e n c e l i m i t s f o r Cd, i t should be 
n o t i c e d , a r e v e r y l a r g e ( F i g . 5.3). 
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F i g . 5.3 A c c u m u l a t i o n o f Zn, Cd and Pb by Rhynchostegium a t t h e c e n t r e and 
edge o f moss-bags t r a n s p l a n t e d i n t o 0048-44. V e r t i c a l b a r s = 9596 




c e n t r e 
e d g e 
Zn Cd 









1 0 , 0 0 0 
8 0 0 0 
6 0 0 0 
4 0 0 0 
2 0 0 0 
159 
T a b l e 5.12 Comparison o f met a l a c c u m u l a t i o n a t " c e n t r e " and "edge" of 
moss-bags u s i n g "Student" t - t e s t . 
c e n t r e edge "Student" t s i g n i f i c a n c e 
Zn 20032 21318 0.23 N.S. 
Cd 1.16 0.84 1.10 N.S. 
Pb 2182 2347 0.33 N.S. 
5.35 A c c u m u l a t i o n o f Zn by F o n t i n a l i s on b o u l d e r s and i n bags 
An e x p e r i m e n t s i m i l a r t o 5.31 was performed u s i n g F o n t i n a l i s i n o r d e r t o 
demon s t r a t e common f e a t u r e s o f uptake by the two s p e c i e s . T h i s i n v o l v e d a 
t r a n s p l a n t between 0014-40 and 0024-22 u s i n g b o u l d e r s and mesh bags 
( p a t t e r n I I , 5 . 2). 
Uptake b o t h by moss on b o u l d e r s and i n bags appeared t o reach a p l a t e a u 
a f t e r about 24 h ( F i g . 5 . 4 ) . Samples c o l l e c t e d over the e n t i r e p e r i o d were 
w e l l c o r r e l a t e d w i t h l o g ^ t i m e ( T a b l e 5.13). There was no c l e a r 
d e m a r c a t i o n i n t o a " r a p i d " and "slow" phase. Two l i n e a r s e c t i o n s were 
chosen f o r f u r t h e r a n a l y s i s ; < 4.0 h and > 12.0 h and comparisons were made 
between b o u l d e r s and bags f o r each of these and the whole d a t a . No 
comparison was s i g n i f i c a n t ( T a b l e 5.14). 
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F i g . 5.4 A c c u m u l a t i o n of Zn by F o n t i n a l i s t r a n s p l a n t e d i n t o 0024-22 i n 
b o u l d e r s and bags. V e r t i c a l b a r s = 95% c o n f i d e n c e i n t e r v a l s . 
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• = m o s s on b o u l d e r s 
o = m o s s in b a g s 
3 0 0 0 
cn 
cn 2 0 0 0 
(/) 
o £ 






10 2 0 30 ^ 0 
t i m e (h) 
5 0 
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T a b l e 5.13 Regressions and c o r r e l a t i o n s between Zn c o n c e n t r a t i o n s i n 
F o n t i n a l i s and t i m e d u r i n g t r a n s p l a n t experiment between 0014-40 and 0024-
22. 
t r e a t m e n t r e g r e s s i o n e q u a t i o n 
a l l d a t a , no t r a n s f o r m a t i o n 
b o u l d e r y = 26.7 x + 961 10.55* 
bag y = 23.0 x + 979 5.47* 
a l l d a t a , I n t r a n s f o r m a t i o n 
b o u l d e r y = 365 x -i- 679 73.89** 
bag y = 333 x + 687 25.14** 
< 4.0 h, no t r a n s f o r m a t i o n 
b o u l d e r y = 312 x + 212 109.13** 
bag y = 189 x + 338 18.80** 
> 12.0 h, no t r a n s f o r m a t i o n 
b o u l d e r y = 2.25 x + 1796 0.10 N.S. 
bag y = 14.0 x + 2261 2.33 N.S. 
c o r r e l a t i o n 









T a b l e 5.14 A n a l y s i s of v a r i a n c e between s i g n i f i c a n t r e g r e s s i o n s f o r da t a 
c o l l e c t e d d u r i n g F o n t i n a l i s t r a n s p l a n t experiment ( 5 . 3 5 ) . 
t r e a t m e n t s i g n i f i c a n c e 
a l l d a t a , no t r a n s f o r m a t i o n 
a l l d a t a , l o g t r a n s f o r m a t i o n 
e 
< 4.0 h, no t r a n s f o r m a t i o n 








6. EXPERIMENTAL STUDIES ON METAL ACCUMULATION AND LOSS 
6.1 INTRODUCTION 
E x p e r i m e n t a l s t u d i e s on meta l a c c u m u l a t i o n and l o s s were performed 
b o t h i n t h e l a b o r a t o r y and t h e f i e l d . These p r o v i d e a background f o r 
s t u d i e s on p r a c t i c a l a s p e c t s o f m o n i t o r i n g t e c h n i q u e s (Chapters 5 and 8 ) . 
F i e l d e x p e r i m e n t s i n v o l v e d t r a n s p l a n t s between streams o f known water 
c h e m i s t r y t o examine r a t e s of uptake and l o s s under n a t u r a l c o n d i t i o n s . 
The e x p e r i m e n t s r e p o r t e d here concern t h e mechanism o f metal 
a c c u m u l a t i o n . They d e a l f i r s t w i t h a c c u m u l a t i o n of heavy metals over an 
extended p e r i o d o f t i m e (6.2) and th e n proceed t o c o n s i d e r the r o l e o f the 
c e l l w a l l and o f metabolism i n t h i s process (6.3, 6,4). F i n a l l y t h e r a t e s 
a t w h i c h heavy m e t a l s a r e l o s t and th e f a c t o r s which a f f e c t t h i s a r e 
c o n s i d e r e d ( 6 . 5 ) . Experiments were foc u s s e d on Zn, a l t h o u g h a few r e s u l t s 
f o r Cd and Pb a r e i n c l u d e d . 
6.2 ACCUMULATION OF HEAVY METALS OVER THREE WEEKS 
The t i m e course o f heavy m e t a l a c c u m u l a t i o n by Rhynchostegium was 
i n v e s t i g a t e d by t r a n s p l a n t i n g moss t o a m e t a l - e n r i c h e d stream and sampling 
over a 23-d p e r i o d . 
Moss was c o J l e c t e d from 0091-05 and t r a n s p l a n t e d t o 0288-90 i n mesh 
bags ( 5 . 2 , p a t t e r n I I ) . Samples o f moss were c o l l e c t e d from b o t h 
t r a n s p l a n t e d and i n d i g e n o u s p o p u l a t i o n s a t 0. 1, 3, 7, 11, 17 and 23 d from 
t h e s t a r t o f t h e e x p e r i m e n t . Water samples were c o l l e c t e d and p h y s i c o -
c h e m i c a l v a r i a b l e s measured on each sampling occasion (Table 6.1). 
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T a b l e 6.1 S e l e c t e d e n v i r o n m e n t a l v a r i a b l e s d u r i n g l o n g - t e r m (= 23 d) 
t r a n s p l a n t e x p e r i m e n t ( m e t a l c o n c e n t r a t i o n s i n mg 1 '^  f o r t h e f i l t r a b l e 
f r a c t i o n ; b l a n k s = n o t measured). 
strea m d a t e temp. pH 
- r e a c h (°C) 
Ca Zn Cd Pb 
0091 -05 23. .7 12 7. 6 50. 8 0. 036 0. 0002 0. 0011 
0288 -90 23, ,7 12 8, ,2 61, .6 0, 273 0. .0008 0. ,0022 
0288 -90 24. .7 12 8. ,2 50, .4 0. 268 0. 0013 0. ,0070 
0288 -90 26. .7 12 8, .2 61, ,4 0, .250 0. .0018 0 .0040 
0288 -90 30, ,7 13 8, .2 60. .6 0, ,276 0. .0064 0. .0027 
0288 -90 3 ,8 13 7, .6 26 .4 0 .155 0 .0014 0 .0054 
0288 -90 9, .8 11 7, .7 43, .6 0, .337 0 .0017 0 .0057 
0288 -90 15 .8 12 7 .7 63 .8 0 .296 
The mean c o n c e n t r a t i o n o f Zn i n 0288-90 was almost an o r d e r of 
magnitude g r e a t e r t h a n i n 0091-05 ( T a b l e 6.1); t h e minimum Zn c o n c e n t r a t i o n 
i n 0288-90 (3.8.84) c o i n c i d e d w i t h a s p a t e . C o n c e n t r a t i o n s o f Cd and Pfa i n 
0288-90 were n o t so h i g h compared w i t h 0091-05; Cd i n 0288-90 ranged from 
0.0008 mg l""^ t o 0.0064 mg 1 ~ ^ compared w i t h 0.0002 i n 0091-05 and Pb 
c o n c e n t r a t i o n s i n 0288-90 ranged from 0.0022 mg l " " ^ t o 0.0070 mg l " " ^ 
compared w i t h 0.0011 mg 1 ^ i n 0091-05. The maximum c o n c e n t r a t i o n s of Zn, 
Cd and Pb a l l o c c u r r e d on d i f f e r e n t days ( T a b l e 6.1). 
Zn accumulated t h r o u g h o u t t h e e x p e r i m e n t ( F i g . 6.1). The f i n a l 
c o n c e n t r a t i o n was s i g n i f i c a n t l y g r e a t e r t h a n t h e c o n c e n t r a t i o n measured i n 
i n s i t u moss. The a c c u m u l a t i o n o f Cd appears t o be complete a f t e r seven 
days ( F i g . 6.1) when t h e c o n c e n t r a t i o n i n t h e t r a n s p l a n t e d moss was s t i l l 
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s i g n i f i c a n t l y lower t h a n t h e c o n c e n t r a t i o n i n i n s i t u moss. Accumulation 
o f Pb was a l s o complete by t h e end o f t h e experiment ( F i g . 6.1) and the 
c o n c e n t r a t i o n was a p p r o x i m a t e l y t h e same as t h a t w i t h i n t h e i n s i t u moss. 
There were c o n s i d e r a b l e v a r i a t i o n s i n t h e c o n c e n t r a t i o n of Zn, Cd and Pb i n 
t h e i n s i t u moss; none o f t h e s e , however, c o r r e l a t e d w i t h t h e c o r r e s p o n d i n g 
c o n c e n t r a t i o n s i n water samples ( T a b l e 6.2). A f t e r 4-d these changes i n Zn 
and Pb c o n c e n t r a t i o n s i n i n s i t u moss were m i r r o r e d by changes i n t h e 
c o n c e n t r a t i o n s i n t r a n s p l a n t e d moss; t h e r e were n o t enough d a t a , however, 
f o r a v a l i d s t a t i s t i c a l comparison of t h e s e . 
T a b l e 6.2 L i n e a r c o r r e l a t i o n s between c o n c e n t r a t i o n s of Zn, Cd and Pb i n 
wa t e r samples and i n s i t u moss over 23 d. 
me t a l c o r r e l a t i o n 
c o e f f i c i e n t 
Zn 0.055 N.S. 
Cd 0.500 N.S. 
Pb 0.067 N.S. 
6.3 ROLE OF CELL WALL EXCHANGE IN ZINC ACCUMULATION 
6.31 I n t r o d u c t i o n 
The t i m e course of a c c u m u l a t i o n of meta l s i n t o moss samples b o t h over 
s h o r t t e r m (> 48 h, c h a p t e r 5) and l o n g e r term (> 23 d, 6.2) ex p e r i m e n t s , 
i n d i c a t e s t h a t a c c u m u l a t i o n c o n t i n u e s f o r l o n g e r than would be expected i f 
ion-exchange processes a l o n e were i n v o l v e d . The r o l e o f ion-exchange 
p r o c e s s e s r e l a t i v e t o o t h e r processes was i n v e s t i g a t e d by removing 
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F i g . 6.1 A c c u m u l a t i o n o f Zn, Cd and Pb by Rhynchostegium t r a n s p l a n t e d 
from 0091-05 t o 0288-90 i n p a t t e r n I I moss-bags d u r i n g August 1984. 
V e r t i c a l b a r s = 95?^ c o n f i d e n c e i n t e r v a l s . 
167 
6 0 0 0 r 





O - t r a n s p l a n t e d m o s s 
O = i n s i t u m o s s 
15 2 0 
t i m e ( d a y s ) 
10 12 U 16 18 2 0 2 2 
t i m e ( d a y s ) 





4 0 0 h 
2 0 0 
15 2 0 
t i m e ( d a y s ) 
168 
i o n s adsorbed o n t o t h e c e l l w a l l and a n a l y z i n g these and those r e m a i n i n g i n 
t h e p l a n t s e p a r a t e l y . 
6.32 Methodology 
6.321 Comparison o f e l u e n t s 
The a b i l i t y o f t h r e e e l u e n t s ( 2 . 4 2 1 , 2.422) t o remove K and Zn from 
Rhynchostegium was t e s t e d on t h r e e p o p u l a t i o n s : 0310-90, c o l l e c t e d and 
f r a c t i o n a t e d w i t h no f u r t h e r t r e a t m e n t , 0310-90 t h a t had been shaken i n 1 
mg 1 ^ Zn f o r \ h and 0288-90, c o l l e c t e d and f r a c t i o n a t e d w i t h no f u r t h e r 
t r e a t m e n t ( T a b l e 6.3). 
82% - 90% o f K i n t h e p l a n t was re c o v e r e d by e l u t i n g w i t h HCl w h i l s t 
o n l y 9% - 25% was e l u t e d by N i C l ^ and EDTA (Table 6.3). There i s l e s s 
agreement between N i C l and EDTA f o r t h e percentage of Zn r e c o v e r e d , 
a l t h o u g h t h e p r o p o r t i o n s r e c o v e r e d by HCl, which damages t h e membranes, are 
i n excess o f each. 
6.322 E f f e c t o f i n c r e a s i n g exposure times 
The e f f e c t o f i n c r e a s i n g exposure t i m e s t o N i C l ^ and EDTA was t e s t e d on 
Rhynchostegium from 0310-90 t h a t had p r e v i o u s l y been exposed t o 1 mg 1 ^  
Zn ( F i g . 6.2). E l u t i o n was i n i t i a l l y r a p i d ; 67% o f the f i n a l c o n c e n t r a t i o n 
o f Zn removed by N i C l ^ and 65% o f t h a t removed by EDTA was removed i n t h e 
f i r s t t e n min u t e s . The r a t e s u b s e q u e n t l y decreased and a f t e r 2 h, 108% and 
85% r e s p e c t i v e l y , had been removed, both w i t h i n t h e 95% c o n f i d e n c e 
i n t e r v a l s o f t h e f i n a l v a l u e . There was l i t t l e v a r i a t i o n i n the 
c o n c e n t r a t i o n o f K removed t h r o u g h o u t t h e experiment. 
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Tab l e 6.3 C o n c e n t r a t i o n s o f K and Zn (as p e r c e n t o f t o t a l ) I n v a r i o u s 
f r a c t i o n s a f t e r t r e a t m e n t w i t h t h r e e e l u e n t s (A & D = d e i o n i z e d water 
washes; B & C = washes i n e l u e n t ; E = r e s i d u a l d i g e s t ; see 6.321 f o r 
f u r t h e r d e t a i l s ) . 
e l u e n t m e t a l A B + C D E 
N1C1„ 
0310-90 K 1.43 11.00 5.74 81.82 
Zn 1.78 45.11 2.44 50.67 
0310-90 + Zn K 8.06 24.95 5.99 61.00 
Zn 0.80 84.32 0.90 13.98 
0288-90 K 3.40 9.23 6.22 81.15 
Zn 1.56 53.97 0.55 43.92 
EDTA 
0310-90 K 1.86 9.25 1.46 87.43 
Zn 2.60 75.14 3.47 18.79 
0310-90 + Zn K 7.50 23.24 2.36 66.90 
Zn 0.55 65.17 0.90 33.38 
0288-90 K 6.27 10.78 1.54 81.41 
Zn 1.06 82.66 0.58 15.69 
HCl 
0310-90 K 1.81 92.10 0.77 5.31 
Zn 2.09 82.66 1.12 14.12 
0310-90 + Zn K 6.85 82.51 1.70 8.93 
Zn 0.56 96.23 0.31 2.90 
0288-90 K 2.40 93.50 0.70 3.40 
Zn 0.72 94.54 0.31 4.43 
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F i g . 6.2 E f f e c t o f i n c r e a s i n g exposure t i m e on e l u t i o n of K and Zn f r o m 
Rhynchostegium by N i C l ^ ( t o p ) and EDTA ( b o t t o m ) . V e r t i c a l bars = 95?i 
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6.323 Removal o f Zn fro m i s o l a t e d c e l l w a l l s 
I n o r d e r t o remove a m b i g u i t y about t h e e f f e c t of N i C l ^ and EDTA on 
whole p l a n t s , t h e i r a b i l i t y t o remove Zn from i s o l a t e d c e l l w a l l s (2.43) 
was a l s o t e s t e d . The c e l l w a l l s were shaken i n 10 mg 1 Zn f o r 1 h, 
r i n s e d s e v e r a l t i m e s and washed i n e l u e n t f o r t h r e e 1 h p e r i o d s . N i C l ^ 
removed 95.7% o f Zn a f t e r one wash (Table 6.4) and 99.4% a f t e r t h r e e 
washes. EDTA was l e s s s u c c e s s f u l , o n l y 88.4% was removed a f t e r t h r e e 
washes. F o l l o w i n g t h i s e x p e r i m e n t and those r e p o r t e d i n 6.321 and 6.322, 
N i C l ^ was s e l e c t e d as t h e most a p p r o p r i a t e e l u e n t f o r subsequent 
e x p e r i m e n t s . 
T a b l e 6.4 Removal o f Zn (as percentage of t o t a l ) from i s o l a t e d c e l l w a l l s 
by N i C l g and EDTA (see 6.323 f o r f u r t h e r d e t a i l s ) . 
e l u t i o n 
e l u e n t 













6.33 A c c u m u l a t i o n o f Zn over 12 h 
The c e l l u l a r l o c a t i o n o f accumulated Zn was i n v e s t i g a t e d i n an 
e x p e r i m e n t p e r f o r m e d i n t h e l a b o r a t o r y u s i n g N i C I ^ as an e l u e n t ( 6 . 3 2 3 ) . 
Rhynchostegium from 0310-90 was exposed t o 1.0 mg 1 ^ Zn and samples 
were c o l l e c t e d over a 12-h p e r i o d . T i p s were r i n s e d i n d e i o n i z e d water and 
shaken i n N i C l ^ f o r two p e r i o d s of 1 h b e f o r e b e i n g d r i e d , weighed and 
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d i g e s t e d . Both t h e N i C l ^ f r a c t i o n and t h e r e s i d u a l d i g e s t were analyzed 
f o r Zn. 
A t t h e s t a r t o f t h e e x p e r i m e n t , 29% o f t h e Zn was removed by NIC] and 
1\% was i n t h e r e s i d u a l d i g e s t ( F i g . 6.3). The Zn t h a t had accumulated i n 
t h e moss samples was l a r g e l y removed by N i C l ^ . T h i s exchangeable f r a c t i o n 
a ccounted f o r 77.5% (SD = 2.6%) o f t h e t o t a l t h r o u g h o u t the 12-h s t u d y . 2% 
was removed by t h e p r e l i m i n a r y wash i n d e i o n i z e d water and 23% remained i n 
t h e r e s i d u a l f r a c t i o n . The t o t a l amount of exchangeable Zn i n c r e a s e d 
t h r o u g h o u t t h e e x p e r i m e n t and t h e r e was a l s o a s m a l l i n c r e a s e i n t h e amount 
o f Zn i n t h e r e s i d u a l f r a c t i o n . 
A second method o f p r e s e n t i n g these d a t a was t o use a d o u b l e - r e c i p r o c a l 
p l o t adapted from t h e Lineweaver-Burke p l o t o f enzyme k i n e t i c s . The 
e q u a t i o n d e s c r i b i n g uptake i s t h e r e f o r e assumed t o be: 
[ Z n ^ ] [Zn ] t t max 
where: f ^ ^ t " ' " ^" accumulated a t t i m e t 
[Zn ] = maximum p o s s i b l e c o n c e n t r a t i o n of Zn max 
K = t i m e r e q u i r e d f o r h a l f maximum accu m u l a t i o n 
t = t i m e . 
T h i s c o n v e r t s t o a s t r a i g h t l i n e form: 
[ Z n ^ ] [Zn I t [Zn I t 2 
t ' max' max-
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[ Z n ^ ] [Zn I t [Zn ] t max' max 
Conver s i o n o f t h e d a t a i n t h i s way makes i t p o s s i b l e t o e s t i m a t e t h e 
t i m e f o r h a l f maximum a c c u m u l a t i o n t o occur (K) and t h e maximum p o s s i b l e 
a c c u m u l a t i o n (Zn ) as t h e i n t e r c e p t on t h e y a x i s and t h e sl o p e 
IIIQX 
m u l t i p l i e d by t h e i n t e r c e p t , r e s p e c t i v e l y . A c c u m u l a t i o n by b o t h 
exchangeable and r e s i d u a l f r a c t i o n s f i t t h e s e e q u a t i o n s w e l l w i t h i n t h e 
t i m e o f t h e e x p e r i m e n t ( F i g . 6.4) and t h e f o l l o w i n g c o n s t a n t s were 
c a l c u l a t e d : 
i . exchangeable f r a c t i o n 
[ Z n ^ ^ ^ ] = 4348 yg g"^ K = 1.0 h 
Hid A 
i i . r e s i d u a l f r a c t i o n 
[Zn 1 - 1052 pg g""^ K = 1.6 h max 
6.34 A c c u m u l a t i o n o f Zn over 14 d 
The c e l l u l a r l o c a t i o n o f accumulated Zn was a l s o s t u d i e d over a 
l o n g e r t i m e p e r i o d u s i n g t h e same approach as 6.33. Samples were c o l l e c t e d 
over a p e r i o d o f 14 d. 
There was l i t t l e change i n t h e c o n c e n t r a t i o n o f Zn over between 24-h 
and 14-d ( F i g . 6.5); however t h e p r o p o r t i o n t h a t was removed by NiClg 
decreased and t h e r e s i d u a l p r o p o r t i o n i n c r e a s e d . 
There was a l s o an e x p o n e n t i a l decrease i n t h e c o n c e n t r a t i o n o f Zn i n 
s o l u t i o n ( T a b l e 6.5), which was i n v e r s e l y c o r r e l a t e d ( r = -0.973 ***) w i t h 
t h e t o t a l Zn accumulated by t h e t i p s . The c o n c e n t r a t i o n o f Zn i n c o n t r o l 
f l a s k s w i t h no t i p s added was n o t s i g n i f i c a n t l y d i f f e r e n t a t t = l - i - d from 
t h e c o n c e n t r a t i o n a t t h e s t a r t ( T a b l e 6.5). Data were again t e s t e d a g a i n s t 
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tho concontration a t the s t a r t (Table 6.5).—Bata again tested agaiits4 
a double-reciprocal p l o t ; however only the r e s i d u a l f r a c t i o n was 
s i g n i f i c a n t l y c o r r e l a t e d ( F i g . 6.6) and the f o l l o w i n g constants were 
ca l c u l a t e d : 
Zn =- 2778 ug g""^  K = 0.81 d - 19 h max 
Table 6.5 Concentration of Zn (+ SD) remaining i n s o l u t i o n dui^ing 14 d 
batch c u l t u r e experiment (14* = c o n t r o l s o l u t i o n a t 1^^-d). 
time Zn i n media 
(d) (mg 
0 1.086 (0.077) 
1 0.306 (0.043) 
2 0.230 (0.022) 
3 0.198 (0.074) 
4 0.182 (0.015) 
6 0.148 (0.033) 
8 0.129 (0.019) 
14 0.074 (0.021) 
14* 1.024 (0.023) 
6.4 THE ROLE OF METABOLISM IN ZN ACCUMULATION 
6.41 I n t r o d u c t i o n 
The previous sec t i o n (6.3) demonstrated t h a t there was s i g n i f i c a n t 
accumulation over periods of several hours i n t o a compartment t h a t was not 
e l u t a b l e using a competing c a t i o n . The question posed by these r e s u l t s i s 
by what mechanism i s t h i s f r a c t i o n accumulated? Is i t a purely passive 
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Fig. 6.3 AccumuDation of Zn i n exchangeable and r e s i d u a l f r a c t i o n s of 
Rhynchostegium over 12 h at 15 °C i n l a b o r a t o r y batch c u l t u r e . V e r t i c a l 
bars = 95% confidence i n t e r v a l s . 
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Fig. 6.5 Accumulation of Zn i n exchangeable and r e s i d u a l f r a c t i o n s of 
Rhynchostegium over 14 d at 15 °C i n l a b o r a t o r y batch c u l t u r e . V e r t i c a l 
bars = 95% confidence l i m i t s . 
F ig. 6.6 Double r e c i p r o c a l p l o t of Zn accumu]atjon i n residual f r a c t i o n 




















are considered i n t h i s section by comparing metal accumulation by t i p s i n 
d i f f e r e n t metabolic s t a t e s ; under d i f f e r e n t l i g h t regimes, at d i f f e r e n t 
temperatures and i n the presence and absence of various metabolic 
i n h i b i t o r s . 
6.42 E f f e c t of l i g h t 
6.421 In l a b o r a t o r y 
The i n f l u e n c e of l i g h t was tested by comparing Zn accumulation by t i p s 
-2 -1 
exposed to f u l l l i g h t i n incubation tanks (= 100 pmol photon m s ) with 
accumulation by t i p s i n f l a s k s darkened with aluminium f o i l and two layers 
of black polyethylene. The l i g h t f l u x i n the l a t t e r treatment was zero. 
Tips were preincubated i n Chu lOE at pH 7.0 (2.41) f o r 7 d p r i o r to the 
experiment t o precondition them to the laboratory environment. They were 
then placed i n f l a s k s as described above and harvested (four f l a s k s per 
treatment) a f t e r 1 h, 24 h and 168 h (= 7 d ) . 
Accumulation of Zn followed s i m i l a r k i n e t i c s to previous experiments 
( F i g . 6.7, see also 5.3, 6.2), w i t h a concentration of approximately 4000 
pg g""^  a f t e r 1 h, 10000 ug g"^ ^ a f t e r 24 h and 12000 ug g"'^  a f t e r 168 h. 
There was no s i g n i f i c a n t d i f f e r e n c e between the l i g h t and dark treatments 
at any of the three sample times (Table 6.6). 
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Table 6.6 Comparison, using "Student" t - t e s t , of Zn accumulation by 
Rhynchostegium incubated i n laboratory batch c u l t u r e at 15 "C i n l i g h t 
dark. 
Zn i n moss (yg g ) 
time (h) l i g h t dark "Student" t 
1 4305 4208 0.445 N.S. 
24 10561 10568 0.019 ^\S. 
168 11599 13026 1.390 y.s. 
6.422 I n f i e l d 
A second experiment t o i n v e s t i g a t e the e f f e c t of l i g h t was conducted i n 
the f i e l d . Moss was transplanted between 0310-90 and 0288-90. At 0288-90 
an area of the stream of approximately 1.5 m x 1.5 m was covered w i t h 
" f e r t i l i z e r " - t y p e bags (black or white w i t h black i n t e r i o r s ) constructed 
from heavy duty polyethylene. These were supported on a framework of t e n t 
poles ( F i g . 6.9). 
Moss was placed i n 0288-90 i n moss-bags (5.2, pa t t e r n I I ) , e i t h e r 
i n s i d e the darkened area or outside. Samples of each were c o l l e c t e d over 
an 8-h period. Water samples were also c o l l e c t e d and physico-chemical 
v a r i a b l e s measured. Values of some physico-chemical variables and of 
l i g h t - f l u x are given i n Table 6.7. L i g h t f l u x w i t h i n the darkened area was 
-2 -1 -2 -1 c o n s i s t e n t l y 0 pmol photon m s (one reading of 1 ymol photon m s ). 
-2 -1 
Outside, the f l u x ranged from 120 ymol photon m s (overcast) t o 1200 
-2 -1 
pmol photon m s (sunny), the maximum being recorded at 1240. 
During the course of the experiment, moss i n the darkened area 
c o n s i s t e n t l y accumulated more Zn than moss i n the l i g h t (Fig. 6.8). The 
d i f f e r e n c e s were s i g n i f i c a n t a t a l l times except t = 1 and t = 4 (Table 
6.8) . 
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Fig. 6.7 Accumulation of Zn by Rhynchostegium incubated i n l a b o r a t o r y a t 
15 °C i n l i g h t and dark. V e r t i c a l bars = 95% confidence l i m i t s . 
F i g . 6.8 Accumulation of Zn by Rhynchostegium tra n s p l a n t e d i n t o 0288-90 i n 
l i g h t and dark. V e r t i c a l bars = 95% confidence l i m i t s . (^ ^ 
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Fig. 6.9 Apparatus assembled i n 0288-90 f o r f i e l d comparison of Zn 
accumulation i n l i g h t and dark. 
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Table 6.7 Selected environmental v a r i a b l e s i n 0288-90 during f i e l d 
comparison of Zn uptake i n l i g h t and dark. 
time l i g h t f l u x temp PH Ca Zn 
(pmol photon m (°C) (mg 1 ' ) 
1040 125 5 . 1 7 .3 30 .7 0 . 192 
1140 166 5 3 7 .3 27 .5 0 .187 
1240 1200 6 0 7 4 28 .9 0 . 179 
1440 157 6 5 7 4 27 .7 0 .176 
1640 170 6 3 7 4 27 .3 0 . 182 
1840 120 6. 3 7 4 27 2 0 181 
6.423 E f f e c t of dark preincubation on Zn uptake 
A second t r a n s p l a n t experiment was performed i n the f i e l d to compare 
the e f f e c t s of dark and l i g h t pretreatments on subsequent rates of Zn 
accumulation. Rhynchostegium from 0310-90 was preincubated i n the dark and 
l i g h t a t 0310-90 f o r 48 h (Fi g . 6.9) and then t r a n s f e r r e d to 0288-90 f o r a 
f u r t h e r 24 h. 
There was no s i g n i f i c a n t d i f f e r e n c e between any of the treatments a f t e r 
the p r e i ncubation period i n 0310-90 (F = 1.68, N.S.). Transfer t o 0288-90 
r e s u l t e d i n Zn accumulation by the moss i n a l l four treatments (Table 6.9) 
although there were several s i g n i f i c a n t d i f f e r e n c e s between treatments (F = 
44.21 * * * ) . The sample preincubated i n the dark accumulated s i g n i f i c a n t l y 
more when transplanted i n t o the l i g h t but there was no s i g n i f i c a n t 
d i f f e r e n c e i n f i n a l Zn concentrations i n moss preincubated i n the l i g h t 
(Table 6.10) . 
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Table 6.8 E f f e c t of l i g h t on Zn accumulation by Rhynchostegium 
tran s p l a n t e d i n t o 0288-90 (accumulation was greater i n the dark on a l l 
sampling occasions). 
time "Student" t 
(h) 
0.5 4.786 ** 
1 1.377 N.S. 
2 3.400 ** 
4 2.265 N.S. 
6 3.497 ** 
8 4.436 ** 
Table 6.9 Zn accumulation by Rhynchostegium transplanted i n t o 0288-90 i n 
l i g h t and dark. 
pre-treatment post-treatment mean 95% confidence l i m i t s 
dark dark 1123 1154 - 1092 
l i g h t 1367 1420 - 1314 
l i g h t dark 1417 1500 - 1334 
l i g h t 1486 1568 - 1404 
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Table 6.10 "Student" t - t e s t s between treatments i n l i g h t / d a r k t r a n s plant 
experiment i n 0288-90; See t a b l e 6.9. 
dark - dark 1.00 
dark - l i g h t 11.05*** 1.00 
l i g h t - dark 9.16*** 1.38 1.00 
l i g h t - l i g h t 11.54*** 3.37** 1.64 1.00 
dark - dark dark - l i g h t l i g h t - dark l i g h t - ] i g h t 
6.43 E f f e c t of temperature 
The e f f e c t of temperature was i n v e s t i g a t e d by comparing accumulation of 
Zn i n the l a b o r a t o r y at two temperatures; 10 °C and 25 °C. Otherwise 
parameters were as before (2.41) and t i p s were again e q u i l i b r a t e d at 15 °C 
f o r seven days p r i o r t o the experiment. 
There was s i g n i f i c a n t l y greater accumulation at 25 "C a f t e r 1 h, 24 h 
and 168 h (Table 6.11). The d i f f e r e n c e was 35% a f t e r 1 h, 24% a f t e r 24 h 
and 25% a f t e r 168 h. These were adjusted t o give the predicted Q^ ^ values 
(the e f f e c t of a 10 °C r i s e i n temperature, assuming the e f f e c t of 
temperature t o be l i n e a r ) . These adjusted values were 23% a f t e r 1 h, 16% 
a f t e r 24 h and 16.5% a f t e r 168 h. g i v i n g ^ values of 1.23, 1.16 and 1.16 
r e s p e c t i v e l y . 
6.44 E f f e c t of metabolic i n h i b i t o r s 
6.441 Methodology 
A p r e l i m i n a r y l a b o r a t o r y experiment compared the e f f e c t of a range of 
metabolic i n h i b i t o r s on K e f f l u x from t i p s of Rhynchostegium (2.422). 
D e t a i l s of the s i x i n h i b i t o r s are given i n Table 6.12. 
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Table 6.11 E f f e c t of temperature on Zn accumulation by Rhynchostegium i n 
l a b o r a t o r y batch c u l t u r e ; comparison of sample means. 
Zn i n moss (yg g ^ ) 
time 10 °C 25 °C "Student" t 
1 h 3578 4838 7.056 
24 h 7553 9404 7.970 
168 h 8915 11119 7.740 *** 
Three f r a c t i o n s were c o l l e c t e d : a f t e r 1 h rinses i n each of deionized 
water, the metabolic i n h i b i t o r and deionized water again. Each f r a c t i o n 
was subsequently analyzed f o r K and the t i p s were d r i e d and weighed. 
The concentrations of K released by the p r e l i m i n a r y wash i n deionized 
water ranged from 43.4 yg g"'^  t o 100.4 yg g""^  (Table 6.13). A l l of the 
i n h i b i t o r s released some K, ranging from 159.1 yg g (HK) to 8696 yg g 
(DCIVIU) and s i g n i f i c a n t K was also detected i n the second r i n s e i n deionized 
water. The ranking of the i n h i b i t o r s was: c o n t r o l < KH < KaM < CCCP = CH 
O 
< DNP < DCIVIU. 
6.442 Laboratory experiment 
Two metabolic i n h i b i t o r s were used i n t h i s experiment: 2,4-DNP and 
DCMU. Both of these caused s i g n i f i c a n t K leakage i n the previous 
experiment (6.441) which suggested t h a t membrane transp o r t systems were 
s t r o n g l y a f f e c t e d by the i n h i b i t o r (2.422). The i n h i b i t o r s were chosen f o r 
t h i s and because there i s a r e l a t i v e l y large l i t e r a t u r e on the biochemical 
e f f e c t s of each. Samples were preincubated i n the i n h i b i t o r at the 
concentrations used i n 6.441 f o r 90 min p r i o r to the experiment, rinsed and 
t r a n s f e r r e d s t r a i g h t t o the experimental media. 
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Table 6.13 Concentrations of K released by treatment of Rhynchostegiua for 
1 h at 15 °C with d i f f e r e n t metabolic i n h i b i t o r s . 
treatment 







K i n f r a c t i o n (yg g ) 




















The e f f e c t of the i n h i b i t o r s on the growth of the moss was apparent 
a f t e r 168 h. At t h i s time " c o n t r o l " t i p s showed signs of fresh growth 
( b r i g h t green shoots appearing from the o r i g i n a l t i p s ) ; DNP-treated moss 
looked l i t t l e d i f f e r e n t t o the s t a r t and the DCMU-treated moss was a brown 
colour. 
There were several s i g n i f i c a n t d i f f e r e n c e s i n Zn accumulation between 
treatments ( F i g . 6.10). These were at t = 1 h between c o n t r o l and DMP and 
between c o n t r o l and DCMU and at t = 24 h between c o n t r o l and DCr^ U and 
between DNP and DCMU. There were no s i g n i f i c a n t d ifferences at t = 168 h 
(Table 6.14). 
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Fig. 6.10 Accumulation of Zn by Rhynchostegiuin at 15 °C i n l a b o r a t o r y 
batch c u l t u r e a f t e r pretreatment w i t h metabolic i n h i b i t o r s . V e r t i c a l bars 
= 95% confidence l i m i t s . 
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6.5 LOSS OF HEAVY METALS 
6.51 I n t r o d u c t i o n 
The successful monitoring of i n t e r m i t t e n t heavy metal poJ l u t i o n r e l i e s upon 
the a b i l i t y of Rhynchostegium t o both accumulate heavy metals and t o r e t a i n 
elevated concentrations of these a f t e r the "pulse" of p o l l u t i o n has passed 
downstream. Experiments were c a r r i e d out to in v e s t i g a t e the fa c t o r s which 
a f f e c t the rate a t which heavy metals are l o s t from Rhynchostegium. 
Pr e l i m i n a r y experiments are described which characterize these 
Table 6.14 E f f e c t of 1 h pretreatment w i t h metabolic i n h i b i t o r s on Zn 
accumulation by Rhynchostegium at 15 °C i n laboratory batch c u l t u r e ; 
comparison of sample means (C = c o n t r o l ) . 
time (h) treatments "Student" t 
1 h C V DNP 4.732 ** 
C V DCMU 3.770 ** 
DNP V DCMU 0.000 N.S. 
24 h C V DNP 0.218 N.S. 
C V DCMU 8.688 *** 
DNP V DCMU 8.455 *** 
168 h C V DNP 2.354 N.S. 
C V DCMU 1.129 N.S. 
DNP V DCMU 0.307 N.S. 
processes: an experimental t r a n s p l a n t from a Zn-enriched stream i n t o a low-
Zn stream (6.52), a series of samples of Rhynchostegium c o l l e c t e d from a 
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stream i n which the concentration of Zn i n the water was slowly decreasing 
(6.53) and the e f f e c t of increasing lengths of exposure to Zn on the 
subsequent rates of loss (6.54). In a d d i t i o n a laboratory experiment was 
performed to i n v e s t i g a t e the e f f e c t of various washing treatments on metal 
loss (6.55). 
6.52 Rate of loss of Zn 
An experiment was designed i n order to i n v e s t i g a t e the loss of Zn from 
moss f o l l o w i n g a t r a n s p l a n t between 0288-90, a stream w i t h elevated 
concentrations of Zn, and 0091-05. 
Rhynchostegium was transplanted both on boulders and i n moss-bags (5.2, 
p a t t e r n I I ) and samples were c o l l e c t e d from these and from i n s i t u moss. 
Loss of Zn from moss was evident over a longer period than uptake ( F i g . 
6.11), the m a j o r i t y occurring w i t h i n the f i r s t four days of the experiment. 
The r a t e of loss subsequently decreased and a f t e r 23 d the concentration i n 
the t r a n s p l a n t e d moss remained above t h a t i n the i n s i t u Rhynchostegium. 
6.53 Loss of Zn under f i e l d conditions 
An experiment was designed i n order to i n v e s t i g a t e the e f f e c t of a 
changing Zn concentration i n water on the concentration of Zn i n i n s i t u 
Rhynchostegium. Samples of water and of Rhynchostegium were c o l l e c t e d over 
a period of 10 d from 0024-20. 
The concentration of Zn i n the water declined from 3.70 mg 1 to 1.30 
mg 1 "'^ d u r i n g the course of the experiment. This was accompanied by loss 
of Zn from Rhynchostegium (Fi g . 6.12). There was a s i g n i f i c a n t c o r r e l a t i o n 
( r = 0.89 **) when the concentrations i n the moss and i n the water were 
compared; however a time-series analysis, using c r o s s - c o r r e l a t i o n s showed 
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Fi g . 6.11 Loss of Zn from Rhynchostegium transplanted from 0288-90 t o 
0091-05. V e r t i c a l bars = 95% confidence l i m i t s . ^ ScjptenvW 
Fig. 6.12 Concentrations of Zn i n water and Rhynchostegium i n 0024-20, 
07-08-84 to 16-08-84. V e r t i c a l bars = 95% confidence l i m i t s . 
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the strongest c o r r e l a t i o n t o be associated w i t h a lag period of one day 
(Table 6.15). 
Table 6.15 Cross-correlations computed between Zn accumulation by 
Rhynchostegium and aqueous Zn i n 0024-20 over 11 d f o r three increasing 
d a i l y lags (maximum p o s i t i v e c o r r e l a t i o n i s underlined). 
l a g (d) 0 1 2 3 
n 10 10 9 8 
r 0.890 0.976 0.879 0.754 
6.54 E f f e c t of length of exposure t o Zn 
The e f f e c t s of i n c r e a s i n g length of exposure to Zn was tested by a 
f i e l d t r a n s p l a n t i n which Rhynchostegium from 0310-90 was transplanted i n t o 
0012-28, approxim.ately 30 m away, f o r d i f f e r e n t lengths of time before 
being returned t o 0310-90 along w i t h Rhynchostegium from a nearby metal-
enriched stream, 0309-80. Sa.mples of moss and water were c o l l e c t e d over a 
period of 48 h. 
The t o t a l Zn accumulated was dependent upon the length of i t s exposure, 
as expected from previous experiments; hence Rhynchostegium w i t h a short 
period of exposure (1 h) accumulated 1130 pg g ^ Zn, a f t e r 4 h i t contained 
1660 pg g and a f t e r 24 h i t contained 2373 pg g ^ Zn. 
The r a t e of loss was dependent upon the length of the o r i g i n a l 
exposure, Zn was l o s t very r a p i d l y ( i . e . w i t h i n 2 h) from moss which had 
been exposed f o r short periods ( F i g . 6.13). That which had had 24 h 
exposure r e t a i n e d Zn f o r longer periods; the concentration was s t i l l 
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s i g n i f i c a n t l y above background a f t e r 12 h i n 0330-90. The population from 
0309-80 l o s t Zn over the e n t i r e experimental period. 
The e f f e c t i v e n e s s of Rhynchostcgium as a monitor depends upon being 
able to determine enriched concentrations a number of hours a f t e r exposure. 
The length of t h i s period was examined by performing "Student" t - t e s t s 
between the concentration a t t = 48 h. assumed to be the background, and 
the concentration at times previous to t h i s . I f the c r i t e r i o n of a 
s i g n i f i c a n t d i f f e r e n c e represents a q u a n t i f i a b l e e f f e c t then a 1 h exposure 
to Zn i s detectable only f o r about 1 h a f t e r being returned to a low-Zn 
environment (Table 6.16). Exposures of 4 h and 24 h were detectable f o r 
longer periods of time, between 12 h and 24 h. 
Table 6.16 S i g n i f i c a n c e of diff e r e n c e s (calculated by "Student" t - t e s t ) 
between concentration of Zn i n .Rhynchostegium at t = 48 h and at times 
previous to t h i s . 
time 1 - 4 -24 0309 
0 . 0 0 . 0000 0 .0000 0 .0000 0 .0000 
0 .5 0 .0027 0 ,0000 0 .0000 0 .0000 
] . 0 0 .0129 0 .0000 o .ooco 0 ,0000 
2 . 0 0 , 64 54 0 ,0000 0 ,0000 0 .0000 
4 . 0 0 . 0044 0.0001 0 ,0000 0, .0000 
6 . 0 0 .8191 0 .0001 0 .0000 0, ,0000 
8 . 0 r\ yj , 3211 0 .0000 0.0112 0. 0000 
12,0 0 .9024 0.0000 0.0085 0. 0003 
24 .0 r\ . 6360 0 .ncoo 0.2779 0 . 0005 
48 . 0 1 .0000 1.0000 1.0000 1 0000 
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6.55 E f f e c t of ex t e r n a l medium 
The e f f e c t of the externa] medium on the loss of Zn from RhYnchost^gi^um 
was tested i n a la b o r a t o r y batch c u l t u r e experiment. The f o l l o w i n g media 
were used: Chu lOF, + 3.15 mg EDTA; Chu lOE - EDTA; 3.15 mg 1~^ EDTA; 20 
mg 1 ^  Ca; 5 mg 1 PO^ -P and deionized water. A i i were buffered at pH 7.0 
using HEPES. Two populations of Rhynchostegium were used; a population 
from 0288-90, a metal enriched stream and a population from 0310-90. an 
uncontaminated stream, which had been exposed to 1 mg 1 ^  Zn f o r 1 h p r i o r 
to the experiment. Shoots were incubated i n the experimental media f o r 
24 h. 
Zn was more e a s i l y removed from the population from 0310-90 that had 
been exposed b r i e f l y to Zn. than from the population from 0288-90 (Fig. 
6.14). The general order of loss from the two populations was s i m i l a r ; f o r 
the population from 0310-90. the treatment with PO^ -P released the le a s t 
Zn, followed by deionized water, Chu lOE -EDTA. Ca. Chu lOE ^  EDTA and 
EDTA. The order of loss f o r Rhynchostegiurn from 0288-90 was the same, 
except t h a t deionized water removed s l i g h t l y less Zn than PO -P. 
4 
The greatest d i f f e r e n c e between the two populations was observed i n the 
Chu lOE + EDTA ( d i f f e r e n c e = 0.40), followed by Chu lOE - EDTA (0.39), Ca 
(0.35). EDTA (0.31), deionized water (0.11) and PO^ -P (-0.05). 
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F i g . 6.13 Loss of Zn from Rhynchostegium i n 0310-90 a f t e r d i f f e r e n t 
lengths of exposure t o Zn i n 0012-28 and 0309-80. <.:i5)s|"?t - X(. s\%C) 
F i g . 6.14 Loss of Zn from two populations of Rhynchostegium incubated at 
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7. ZINC ACCUMULATION BY ISOLATED CELL WALLS 
7.1 INTRODUCTION 
This chapter reports a series of laboratory experiments c a r r i e d out 
i n an attempt to examine the possible c o n t r i b u t i o n of the c e l l w a l l i n Zn 
accumulation by Rhynchostegium. Previous chapters (5 and 6 ) , noted ra p i d 
uptake i n t o a phase which was r e a d i l y exchangeable; t h i s was i n t e r p r e t e d as 
representing ion-exchange onto the c e l l w a l l (6.3). As t h i s phase was 
c l e a r l y large and played an important r o l e i n the early stages of uptake, a 
more d e t a i l e d i n v e s t i g a t i o n i n t o i t s pro p e r t i e s was c a r r i e d out. 
Preliminary experiments are concerned w i t h the s t r u c t u r e and gross 
morphology of the c e l l w a l l (7.2). These are followed by a d e s c r i p t i o n of 
the i o n i c composition of the c e l l w a l l i n d i f f e r e n t media and na t u r a l 
waters and the k i n e t i c s of exchange of Zn i n the presence of other ions 
(7.3, 7.4). F i n a l l y , the r o l e of Ca i n mediating Zn accumulation i s 
i n v e s t i g a t e d (7.5). 
7.2 PRELIMINARY STUDIES 
7.21 U l t r a s t r u c t u r e of c e l l w alls 
M a t e r i a l from 0310-90 was prepared f o r ele c t r o n microscopy to 
examine the f i n e s t r u c t u r e of the c e l l w a l l of Rhynchostegium. 
The c e l l has a very t h i c k c e l l w a l l ( F i g . 7.1), accounting f o r one t h i r d 
of i t s t o t a l diameter. Two d i s t i n c t areas of the c e l l w a l l are v i s i b l e ; a 
l i g h t e r coloured region comprising the primary and secondary c e l l w a l l s , 
w h i l s t darker, wedge-shaped areas ( l a b e l l e d "U" on Fig. 7.1) appear to be 
extensions of the middle lamella. These areas may be composed of pectic 
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m a t e r i a l s . No p a t t e r n t h a t corresponded t o these areas was v i s i b l e i n 
surface views of the c e l l under a l i g h t microscope when a s t a i n s p e c i f i c 
f o r p e c t i n s , ruthenium red. was used t o s t a i n unfixed c e l l s . 
7.22 Re l a t i v e mass of c e l l w a l l s 
In order to complement the above v i s u a l examination, the mass of the 
c e l l w a l l r e l a t i v e t o the mass of the whole t i p was estimated at the s t a r t 
of the study, using m a t e r i a l from 0310-90. 
Duplicate samples of fr e s h t i p s (from 5 to 50 t i p s per sample) were 
b l o t t e d and d r i e d at 50 °C f o r 1 h and weighed. One set of t i p s was dr i e d 
a t 105 °C f o r 24 h and reweighed and the second set extracted (2.43), d r i e d 
a t 50 °C f o r 1 h and weighed, then d r i e d a t 105 °C and weighed. The f i r s t 
1 h d r y i n g period removed water from surfaces and the subsequent weight i s 
r e f e r r e d to as "fresh weight". 
There were s i g n i f i c a n t l i n e a r c o r r e l a t i o n s between fresh weights and 
dry weights f o r a l l combinations of whole t i p s and c e l l w a l ls. The dry 
weights of both whole t i p s and c e l l w a lls were 0.93 of t h e i r fresh weight 
(SD = 0.04 and 0.03 r e s p e c t i v e l y ) . The fresh weight of the c e l l walls was 
0.77 (SD = 0.12) of the fresh weight of t i p s and t h e i r dry weight was 0.72 
(SD = 0.12) of the fr e s h weight of t i p s . 
From these data i t was possible to estimate the r e l a t i v e mass of the 
c e l l w a l l : 
( f . w t = fr e s h weight and d.wt = dry weight; subscripts t and w r e f e r to 
whole 2-cm t i p s and c e l l w a l l preparations r e s p e c t i v e l y . ) 
i f d.wt = 0.93 f.wt 
Ul Ui 
and f.wt = 0.77 f.wt 
hi t 
then d.wt = 0.93 x 0.77 f.wt^ 
w t 
d.wt = 0.72 f.wt w t 
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F i g . 7.1 Transverse s e c t i o n of a l e a f c e l l of Rhynchostegium, xlOOOO. 
C = c e l l w a l l ; M = middle lamella; U = unknown (see 7.21). Scale bar = 1pm 
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i f d.wt^ = 0.93 f . w t ^ 
t h e n f . w t = (d.wt / 0.72) = (d.wt. / 0.93) 
L • W L 
d.wt = (0.72 / 0.93) d.wt^ 
W t 
d.wt^ = 0.77 d.wt^ 
I n t h e sample o f moss c o l l e c t e d from 0310-90 the c e l l w a l l 
c o n s t i t u t e d 77% o f t h e d r y w e i g h t . 
7.23 I o n i c c o m p o s i t i o n o f c e l l w a l l s : l a b o r a t o r y experiment 
The n e x t e x p e r i m e n t examined t h e c o n c e n t r a t i o n s o f c a t i o n s i n c e l l 
w a l l s and compared t h e p r o t o n a t e d s t a t e w i t h w a l l s a t e q u i l i b r i u m w i t h 
medium. I n o r d e r t o o b t a i n c e l l w a l l s a t e q u i l i b r i u m w i t h media, samples 
of 25 t i p s were shaken i n 50 ml o f medium f o r 1 h. A Chu lOE medium was 
used w i t h t h e f o l l o w i n g m o d i f i c a t i o n s ; w i t h and w i t h o u t 3.15 mg 1 " EDTA 
and w i t h and w i t h o u t 20 mg 1 ^ humic a c i d (HA). 
There were i n c r e a s e s i n t h e c o n c e n t r a t i o n s o f s e v e r a l o f the i o n s 
( T a b l e 7 . 1 ) ; Ca was c o n s i s t e n t l y t h e most abundant i o n , a c c o u n t i n g f o r 0.55 
(mean f o r a l l t r e a t m e n t s ; SD = 0.02) o f the t o t a l i o n s i n the w a l l a t the 
end o f t h e e x p e r i m e n t . Other major c o n t r i b u t o r s were Na (x = 0.12, SD = 
0.01) and Mg (x = 0.10, SD = 0.005). Fe accounted f o r 0.21 (SD = 0.01) of 
t h e t o t a l ; however t h e r e were h i g h e r c o n c e n t r a t i o n s of t h i s i n c o n t r o l 
samples (0.82 i n 0288 and 0.81 i n 0310) i n d i c a t i n g t h a t Fe was a c t u a l l y 
l o s t d u r i n g t h e i n c u b a t i o n . 
There were s i g n i f i c a n t d i f f e r e n c e s between t h e c o n c e n t r a t i o n s i n the 
w a l l s o f the two p o p u l a t i o n s f o r s e v e r a l i o n s (Table 7.2); the 
c o n c e n t r a t i o n o f Zn i n t h e two p o p u l a t i o n s was s i g n i f i c a n t l y d i f f e r e n t f o r 
a l l f o u r t r e a t m e n t s and K and Mn showed s i g n i f i c a n t d i f f e r e n c e s between 
p o p u l a t i o n s f o r t h r e e of t h e f o u r t r e a t m e n t s . 
2 0 9 
T a b l e 7.1 C o n c e n t r a t i o n s o f meta l s ( I n pg g ) i n c e l l w a l l s of 
Rhynchostegium b e f o r e and a f t e r e q u i l i b r a t i o n i n v a r i o u s media, see 7 . 2 3 . 
sample t r e a t m e n t Na K Mg Ca Mn Fe Zn t o t a l 
0 2 8 8 - 9 0 c o n t r o l 3 6 8 
( 1 4 4 ) 
1 9 2 
( 2 1 ) 
1 1 3 
( 6 ) 
1 5 5 
( 5 6 ) 
2 6 
( 4 ) 
4 1 3 8 
( 1 3 2 ) 
3 8 
( 1 ) 
5 0 3 0 
0 3 1 0 - 9 0 c o n t r o l 4 2 4 
( 1 4 8 ) 
1 6 6 
( 1 7 ) 
9 0 
( 2 ) 
1 3 9 
( 2 7 ) 
1 2 
( 1 2 ) 
3 8 5 7 
( 1 5 5 ) 
9 8 
( 1 2 ) 
4 7 8 6 
0 2 8 8 -90 -t-EDTA-HA 2 0 1 6 
( 2 5 1 ) 
2 4 1 
( 1 4 ) 
1 5 1 1 
( 8 4 ) 
8 8 8 6 
( 6 1 6 ) 
1 5 
( 2 ) 
3 4 4 6 
( 4 7 3 ) 
1 0 4 
( 2 0 ) 
1 6 1 1 5 
0 3 1 0 - 9 0 +EDTA-HA 1 9 7 8 
( 6 4 3 ) 
3 9 8 
( 1 1 2 ) 
1 6 0 4 
( 1 2 3 ) 
9 2 0 1 
( 6 6 2 ) 
3 2 
( 5 ) 
3 4 0 9 
( 4 0 1 ) 
4 6 
( 4 ) 
1 6 6 6 8 
0 2 8 8 -90 -EDTA-HA 1 8 8 6 
( 4 2 3 ) 
2 5 6 
( 5 1 ) 
1 5 1 5 
( 6 4 ) 
9 0 5 2 
( 5 0 6 ) 
1 6 
( 2 ) 
3 1 6 0 
( 6 6 7 ) 
8 4 
( 2 2 ) 
1 5 9 6 9 
0 3 1 0 - -90 -EDTA-HA 2 2 7 1 
( 4 6 3 ) 
2 9 9 
( 3 1 ) 
1 5 3 1 
( 8 7 ) 
8 6 0 7 
( 4 8 7 ) 
3 3 
( 1 0 ) 
3 3 2 4 
( 3 9 7 ) 
4 7 
( 6 ) 
1 6 1 1 2 
0 2 8 8 --90 -^EDTA+HA 2 3 1 8 
( 3 3 4 ) 
2 6 0 
( 3 1 ) 
1 4 4 7 
( 2 7 ) 
8 3 0 2 
( 1 9 9 ) 
1 5 
( 2 ) 
3 6 6 5 
( 4 5 0 ) 
4 5 0 
( 1 1 ) 
1 6 4 5 7 
0 3 1 0 - -90 -HEDTA+HA 1 8 3 0 
( 2 4 7 ) 
3 4 8 
( 5 5 ) 
1 5 4 8 
( 6 3 ) 
9 0 6 0 2 9 
( 1 0 3 4 ) ( 1 2 ) 
3 4 0 4 
( 5 5 7 ) 
5 7 
( 8 ) 
1 6 2 7 6 
0 2 8 8 - 9 0 -EDTA-KHA 1 8 2 7 
( 1 3 6 ) 
1 7 2 
( 2 4 ) 
1 4 2 4 
( 4 1 ) 
8 2 2 3 
( 2 6 1 ) 
1 3 
( 2 ) 
2 9 7 3 
( 7 3 7 ) 
1 0 2 
( 1 7 ) 
1 4 7 3 4 
0 3 1 0 - 9 0 -EDTA+HA 1 8 4 7 
( 2 0 1 ) 
2 9 0 
( 3 2 ) 
1 6 1 1 
( 6 4 ) 
9 0 5 9 
( 3 3 6 ) 
2 6 
( 1 7 ) 
3 5 2 4 
( 2 9 5 ) 
4 6 
( 6 ) 
1 6 4 0 3 
T a b l e 7.2 Comparison, u s i n g "Student" t - t e s t s , of metal c o n c e n t r a t i o n s i n 
c e l l w a l l s o f Rhynchostegium from 0 2 8 8 - 9 0 and 0 3 1 0 - 9 0 b e f o r e and a f t e r 
e q u i l i b r a t i o n i n v a r i o u s media. 
t r e a t m e n t 
c o n r r o i s 
Na 
0 . 5 3 7 
K 
1 . 8 7 9 
Mg Ca 
0 . 5 0 2 
Mn 
2. 1 7 0 
Fe Zn 
2 . 7 6 9 1 0 . 3 6 4 
-EDTA-HA 0 . 1 1 0 2 . 7 8 1 
* 
] . 2 3 9 0 . 6 9 8 5 . 9 4 7 
*** 
0. 1 2 0 5 . 5 6 0 
*** 
EDTA- HA 1 . 2 2 8 1 . 4 3 3 0 . 3 0 3 1 . 2 7 0 3 . 2 5 0 
* 
0 . 4 2 1 3 . 2 3 7 
4-EDTA+HA 2 . 3 4 9 2 . 7 8 1 2 . 9 3 9 1 . 4 3 9 2 . 4 9 0 0 . 7 2 9 5 . 3 1 8 
* * ** 
+EDTA-HA 0 . 1 5 2 5 . 9 6 5 4 . 9 3 2 3 . 9 2 6 1 . 5 7 8 1 . 3 8 7 6 . 2 3 3 
*** *« ** **« 
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ANOVA was used t o compare t r e a t m e n t s ( T a b l e 7.3). There were 
s i g n i f i c a n t d i f f e r e n c e s w i t h i n t h e p o p u l a t i o n from 0288-90 f o r K and Ca b u t 
no s i g n i f i c a n t d i f f e r e n c e s between t r e a t m e n t s f o r p o p u l a t i o n s from 0310-90. 
The v a r i o u s t r e a t m e n t s were a l s o compared u s i n g "Student" t - t e s t s ( T a b l e 
7 . 3 ) ; s i x o u t o f 84 t r e a t m e n t s were s i g n i f i c a n t ; a l l o f these o c c u r r e d 
w i t h i n t h e p o p u l a t i o n f r o m 0288-90. C o n t r o l samples from t h e two reaches 
had s i g n i f i c a n t d i f f e r e n c e s between Mg, Fe and Zn (Table 7.2). 
7.24 N a t u r e o f Mn and Fe i n c e l l w a l l 
A b r i e f e x p e r i m e n t was conducted t o i n v e s t i g a t e t h e n a t u r e of Mn 
and Fe i n c e l l w a l l s i n 7.23. T i p s were prepared as u s u a l ( 2 . 4 3 ) , o m i t t i n g 
t h e i n i t i a l r i n s e i n h y d r o x y l a m i n e h y d r o c h l o r i d e and were p r o t o n a t e d ( s t a g e 
1 ) . They were t h e n t r e a t e d i n h y d r o x y l a m i n e h y d r o c h l o r i d e ( 1 h; stage 2) 
and i n 0.2 M ammonium o x a l a t e / 0.2 M o x a l i c a c i d (4 h; stage 3 ) , i n t h e 
da r k a t room t e m p e r a t u r e . Samples were taken a f t e r each stage and an a l y z e d 
f o r Mn, Fe and Zn ( F i g . 7.2). 
A t t h e s t a r t t h e r e was s i g n i f i c a n t l y more Mn i n t h e c e l l w a l l s from 
0288-90 compared w i t h 0310-90 ("Student" t = 7.15 * * * ) . N e a r l y a l l was 
removed a f t e r t h e wash i n h y d r o x y l a m i n e . The p o p u l a t i o n from 0310-90 
c o n t a i n e d s i g n i f i c a n t l y more Fe a t t h e s t a r t ("Student" t = 14.44 * * * ) . 
Fe was removed a t each s t a g e ; however t h e r e was s t i l l s i g n i f i c a n t l y more Fe 
i n 0310-90 a f t e r t r e a t m e n t w i t h b o th h y d r o x y l a m i n e ("Student" t = 6.32 **) 
and o x a l a t e ("Student" t = 11.54 * * * ) . The c o n c e n t r a t i o n o f Zn was 
s i g n i f i c a n t l y d i f f e r e n t between p o p u l a t i o n s o n l y a f t e r t h e o x a l a t e 
t r e a t m e n t ("Student" t = 3.57 * ) ; however some Zn was removed by each. 
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T a b l e 7.3 E f f e c t o f EDTA and humic a c i d s on a d s o r p t i o n o f metals by 
Rhynchostegium c e l l w a l l s ; comparisons u s i n g ANOVA and "Student" t - t e s t s . 




Na K Mg Ca Mn Fe Zn 
2.051 6.223 2.483 3.705 1.832 1.056 1.063 
** * 
"Stud e n t " t - t e s t s 













1.445 1.125 1.469 1.803 0.151 0.668 0.887 
1.312 5.038 1.877 1.982 1.501 1.080 0.192 
1.602 0.142 1.953 2.760 0.876 1.253 0.845 
* 
0.260 2.982 2.390 2.915 2.409 0.377 1.316 
* * 
2.713 4.515 0.931 0.484 1.644 1.602 0.771 
* ** 
0.914 2.266 0.833 0.578 0.274 0.151 2.576 
"Stu d e n t " t - t e s t s 












0.429 0.794 0.811 0.230 0.385 0.016 2.168 
0.388 J . 8 5 6 0.107 0.383 0.672 0.460 0.047 
1.683 1.558 0.311 0.794 0.445 0.232 1.845 
1.681 0.398 1.485 1.530 0.701 0.806 0.252 
0.109 1.833 1.408 0.016 0.335 0.381 2.015 
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F i g . 7.2 Removal o f Mn, Fe and Zn from c e l l w a l l s o f Rhynchostegium. 
1 = c o n t r o l ; 
2 = a f t e r t r e a t m e n t w i t h h y d r o x y l a m i n e h y d r o c h l o r i d e ; 
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7.25 I o n i c composition of c e l l w a l l s : f i e l d experiment 
The c o n c e n t r a t i o n s o f c a t i o n s adsorbed from a v a r i e t y o f r i v e r and 
stream w a t e r s were compared u s i n g s i m i l a r methodology t o t h a t above. Water 
samples c o l l e c t e d from streams w i t h a v a r i e t y o f background c h e m i s t r i e s 
( T a b l e 7.4), f i l t e r e d t h rough 0.45 pm Nuclepore f i l t e r s and s t o r e d i n an 
i c e - b o x u n t i l a p p r o x i m a t e l y 2 h p r i o r t o use when they were brought up t o 
15 °C. P r o t o n a t e d c e l l w a l l s were e q u i l i b r a t e d i n these waters f o r 1 h. 
T a b l e 7.4 S e l e c t e d e n v i r o n m e n t a l data f o r s t u d y s i t e s used i n 7.24 ( m e t a l 
c o n c e n t r a t i o n s as mg 1 ^ f o r f i l t r a b l e f r a c t i o n ) . 
s i t e c o n d u c t i v i t y pH t o t a l Mg 
- 1 , 
Ca Zn 
(pS cm a l k a l i n i t y 
(meq 1 ^ ) 
0024-20 718 7 .7 3 .3 13 .70 56 .9 0 .870 
0091-05 159 7 .4 3 .0 2 .75 21 .7 0, .017 
0102-85 124 7, .5 3, .2 2, . 14 14 .8 0. .393 
0288-80 214 7 . 5 3. .2 3. .88 27 , .3 0. .191 
0309-80 284 7 . ,7 5. ,4 6. ,06 38. .5 0. 153 
0310-90 122 7 . 2 1. 8 1. 89 14 . ,4 0. 019 
A d s o r p t i o n f o l l o w e d a s i m i l a r p a t t e r n t o 7.23 ( T a b l e 7.5); Ca accounted 
f o r t h e l a r g e s t p r o p o r t i o n ( x = 0.61; SD = 0.03), f o l l o w e d by Mg (x = 0.06; 
SD = 0.005), Na (x = 0.04; SD = 0.01) and K (x = 0.02; SD = 0.005). The 
p r o p o r t i o n s o f Mg and K i n w a l l s are t h e r e f o r e e l e v a t e d w i t h r e s p e c t t o t h e 
c o n c e n t r a t i o n s adsorbed from media ( 7 . 2 3 ) . Fe again accounted f o r a l a r g e 
p r o p o r t i o n ( x = 0.25; SD = 0.03) a l t h o u g h t h i s i s l i t t l e d i f f e r e n t t o 
c o n t r o l s ( T a b l e 7.1). The c o n c e n t r a t i o n o f Zn adsorbed was q u i t e v a r i a b l e . 
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C o r r e l a t i o n s between c o n c e n t r a t i o n s i n c e l l w a l l s and a q u a t i c v a r i a b l e s 
were computed f o r a l l o f t h e metals (Ta b l e 7.6). There were c o r r e l a t i o n s 
between most i o n s i n t h e c e l l w a l l s and t h e i r c o r r e s p o n d i n g i o n i n 
s o l u t i o n . The e x c e p t i o n s were K and Fe; no v a r i a b l e s c o r r e l a t e d w i t h 
e i t h e r . Fe i n t h e c e l l w a l l was n o t c o r r e l a t e d w i t h the c o n c e n t r a t i o n s o f 
any o t h e r m e t a l s i n t h e c e l l w a l l s ; o t h e r w i s e c o n c e n t r a t i o n s of most metals 
i n t h e c e l l w a l l s were c o r r e l a t e d w i t h s e v e r a l o t h e r s . Some examples o f 
these c o r r e l a t i o n s a r e pres e n t e d as graphs; Zn i n c e l l w a l l s p l o t t e d 
a g a i n s t Zn i n water shows a v e r y c l o s e r e l a t i o n s h i p a t a l l values ( F i g . 
7.3 ) ; Ca i n t h e c e l l w a l l and Ca i n the water and Ca i n water and Zn i n 
c e l l w a l l s were a l s o s i g n i f i c a n t l y c o r r e l a t e d ( F i g . 7.4; F i g . 7.5). 
7.26 K i n e t i c s o f exchange of Zn^* f o r 
T h i s was measured i n two ways: w i t h and w i t h o u t the use of an i o n i c 
s t r e n g t h a d j u s t e r . Samples of 25 p r o t o n a t e d t i p s were dropped i n t o 50 ml 
of 50 mg 1 ^ Zn i n a beaker. pH was measured a t i n t e r v a l s u n t i l i t showed 
no f u r t h e r change. Samples were s t i r r e d c o n t i n u o u s l y between measurements. 
Exchange was r a p i d ( F i g . 7.6), 95% t a k i n g p l a c e w i t h i n f o u r minutes. A 
s i m i l a r c u r v e was o b t a i n e d when 0.1 M NaNO_, was added t o t h e Zn s o l u t i o n 
as an i o n i c s t r e n g t h a d j u s t e r ( F i g . 7.7). T i p s from the f i r s t experiment 
were a n a l y z e d f o r t h e i r Zn c o n t e n t ; t h e mean of f o u r r e p l i c a t e s was 12839 
(SD = 601) \ig g ^ • The expected c o n c e n t r a t i o n was c a l c u l a t e d as f o l l o w s : 
pH a t s t a r t = 4.89 [H' ] = 1.29 x l O " ^ M 
pH a f t e r 15 minutes = 3.77 [H"] = 1.70 x 10~^ M 
change i n pH = 1 . 1 2 [H+] = 1.57 x lo"'^ M 
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Table 7.5 M e t a l c o m p o s i t i o n o f c e l l w a l l s o f Rhynchostegium ( i n pg g ) . 
e q u i l i b r a t e d i n d i f f e r e n t n a t u r a l water samples f o r 1 h a t 15 °C. See 
s e c t i o n 7.25. 





K Mg Ca Mn Fe Zn t o t a l 
384 1350 
(34) (55) 
10242 98 4130 480 17648 
(434) (5) (300) (48) 




9960 80 3300 460 16148 

































400 983 10007 18 4176 58 16388 
(169) (41) (247) (5) (424) (6) 
164 934 9674 12 3759 84 15338 
(44) (41) (300) (1) (418) (12) 
368 922 8075 45 4214 302 14510 
(65) (70) (882) ( 1 1 ) ( 3 7 7 ) (23) 
7876 13 3743 310 13627 
(602) (4) (241) (20) 
10055 31 4298 175 16489 
(269) ( 1 4 ) ( 2 2 2 ) (4) 
10041 12 3662 194 15780 
(351) (2) (216) (37) 
11031 26 4210 156 17469 
(87) (8) (279) (8) 
182 1124 10771 12 3495 180 16359 























8740 33 126^ 52 15009 
(533) ( 1 1 ) ( 2 3 9 ) (5) 
7920 10 352j 71 
( 2 3 0 ) ( 0 . 5 ) ( 3 8 7 ) (14) 
13159 
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T a b l e 7.6 C o r r e l a t i o n s between water c h e m i s t r y v a r i a b l e s and 
c o n c e n t r a t i o n s o f me t a l s adsorbed o n t o c e l l w a l l s ; data f o r p o p u l a t i o n s 
f r o m 0288-90 and 0310-90 combined. Aq = aqueous m e t a l s ; cw = metals i n 
c e l l w a l l . 
v a r i a b l e Na K Mg Ca Mn Fe Zn 
cw cw ^cw cw cw cw cw 
c o n d u c t i v i t y 0.704 0.096 0.946 0.468 0.868 0.793 0.793 
* ** ** ** 
pH 0.313 0.102 0.816 0.655 0.477 0.144 0.691 
** * * 
t o t a l a l k a l i n i t y 0.021 0.168 0.592 0.904 0.002 0.096 0.036 
* ** 
Na 0.753 0.145 0.842 0.250 0.917 0.243 0.816 aq 
0.699 0.106 0.933 0.424 0.882 0.251 0.810 
^ * 0.0-
Mg, 0.675 0.078 0.964 0.513 0.845 0.251 0.785 
'"J * ** ** ** 
Ca 0.598 0.028 0.987 0.693 0.730 0.238 0.683 
•^3 * * * * * * * 
Mn 0.754 0.148 0.830 0.229 0.920 0.238 0.829 
** ** ** ** 
Fe 0.428 0.030 0.151 0.083 0.007 0.114 0.060 aq 
I 
Zn 0.605 0.107 0.752 0.092 0.884 0.195 0.983 
* ** ** ** 
- 4 
1.57 X 10 mols r e l e a s e d i n t o 50 ml s o l u t i o n 
t h e r e f o r e 1.57 x 10~^ / 1000 = y / 50 
y = 7.85 X lO'^ mols 
-3 + 
= 7.85 X 10 mmol H r e l e a s e d by 25.27 mg c e l l w a l l 
_ 3 
t h e r e f o r e 7.85 x 10 / 25.27 = z / 1000 
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F i g . 7.3 R e l a t i o n s h i p between Zn i n s o l u t i o n and Zn i n c e l l w a l l o f 
Rhynchostegium. C e l l w a l l s suspended i n n a t u r a l w a t e r samples f o r 1 h a t 
15 "C. 
F i g . 7.4 R e l a t i o n s h i p between Ca i n s o l u t i o n and Ca i n c e l l w a l l o f 
Rhynchostegium. C e l l w a l l s suspended i n n a t u r a l w a t e r samples f o r 1 h a t 
15 °C. 
F i g . 7.5 R e l a t i o n s h i p between Ca i n s o l u t i o n and Zn i n c e l l w a l l o f 




y = 4 7 i x » 80.5 
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F i g . 7.6 E f f l u x o f f r o m c e l l w a l l s o f Rhynchostegium i n c u b a t e d i n 
50 mg l " " " ^ Zn. 
F i g . 7.7 E f f l u x o f H"^  f r o m c e l l w a l l s o f Rhynchostegium i n c u b a t e d i n 
50 mg 1"-^ Zn 0.1 M NaNO 
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s o l v e f o r z t o g i v e mmols r e l e a s e d per gram c e l l w a l l 
z = 0.310 mmols g"^ '^  
+ 2 + assume 2 H a r e r e p l a c e d by 1 Zn 
i f 0.310 mmols g H' r e l e a s e d 
t h e n 0.310 / 2 = 0.155 mmols g"" Zn a r e adsorbed 
1 mmol Zn = 0.0654 g; t h e r e f o r e 0.155 .T.mol = 0.01014 g = 10.14 mg g'"^. 
The mean expected c o n c e n t r a t i o n i n t h e f o u r r e p l i c a t e s was 13000 (SD = 
1700) y g g ; t h i s was n o t s i g n i f i c a n t l y d i f f e r e n t f r o m t h a t a c t u a l l y 
measured i n t h e t i p s . 
7.3 STOICHIQMETRY OF EXCHANGE OF ZN FOR DIFFERENT CATIONS 
7.31 Exchange o f Zn^ ' f o r 
2 + -I 
Exchange o f Zn f o r H was t e s t e d over a range o f Zn c o n c e n t r a t i o n s , from 
0 t o 100 mg 1 " , u s i n g t h e same e x p e r i m e n t a l c o n d i t i o n s as above (7.23) 
w i t h no i o n i c s t r e n g t h a d j u s t o r wi*fe a 1 h i n c u b a t i o n t i m e . 
A d s o r p t i o n f o l l o w e d s a t u r a t i o n k i n e t i c s , t y p i c a l o f a Lang a u i r i s o t h e r m 
( F i g . 7 . 8). The r a t e o f a d s o r p t i o n s t a r t e d t o d e c l i n e above about 
5 mg 1 " Zn i n s o l u t i o n . There was a l i n e a r r e l a t i o n s h i p between Zn 
a d s o r p t i o n and t h e change i n pH observed i n t h e s o l u t i o n over t h e range 0 
t o 25 mg l "'^  Zn ( F i g . 7.9; r = 0.979 ***) . 
2 + + 2 + 7.32 Exchange o f Zn f o r K and Ca 
+ 2 + + The above e x p e r i m e n t was r e p e a t e d u s i n g K and Ca i n s t e a d o f K . 
C e l l w a l l s were e q u i l i b r a t e d i n 0.1 M s o l u t i o n s o f KCl or Ca(WO ) Zn 
c> C: 
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F i g . 7.8 R e l a t i o n s h i p between Zn i n medium and Zn adsorbed o n t o p r o t o n a t e d 
c e l l w a l l s o f Rhynchostegium a t 15 °C i n l a b o r a t o r y b a t c h c u l t u r e . 
2 -
F i g . 7.9 E f f e c t o f i n c r e a s i n g c o n c e n t r a t i o n s o f Zn on H r e l e a s e by 
c e l l w a l l s o f Rhynchosteg 1 uni. 
1 2 0 0 0 
a. 
o 5 
8 0 0 0 
N ^ 0 0 0 
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was s u p p l i e d i n 2.5 mM HEPES a t pH 7.0. A d s o r p t i o n of Zn onto b o t h K-form 
and Ca-form c e l l w a l l s showed t h e same k i n e t i c s as 7.31 ( F i g . 7.10); 
however t h e c o n c e n t r a t i o n s adsorbed were a p p r o x i m a t e l y double. The da t a 
were t e s t e d a g a i n s t b o t h Langmuir and F r e u n d l i c h i s o t h e r m s ; Zn a d s o r p t i o n 
a g a i n s t b o t h forms d e v i a t e d from l i n e a r i t y when p l o t t e d on a F r e u n d l i c h 
i s o t h e r m b u t f i t t e d a Langmuir i s o t h e r m w e l l ( F i g . 7.11; note t h a t t h i s and 
t h e remainder o f t h i s s e c t i o n uses pmol g ^ r a t h e r than pg g T h i s 
mode o f r e p r e s e n t a t i o n i s f o r m a l l y i d e n t i c a l t o the Lineweaver-Burke 
e q u a t i o n o f enzyme k i n e t i c s (see Appendix 2 ) . A p p l y i n g t h e i n t e r p r e t a t i o n 
o f t h e M i c h a e l i s - M e n t o n e q u a t i o n t o t h i s i t becomes p o s s i b l e t o e s t i m a t e 
t h e e q u i l i b r i u m c o n c e n t r a t i o n of Zn and the d i s s o c i a t i o n c o n s t a n t as t h e 
i n t e r c e p t and s l o p e r e s p e c t i v e l y ; 
K-f orm: 
s l o p e = -126.9; i n t e r c e p t = 413.7 pmol g ^ 
Ca-form: 
s l o p e = -225.7; i n t e r c e p t = 457.2 umol g 
Exchange of Zn f o r b o t h c a t i o n s had slopes o f < 1.0 and n e g a t i v e 
i n t e r c e p t s ( F i g . 7.12), i n d i c a t i n g some r e l e a s e of each as soon as t h e t i p s 
were suspended i n a d i l u t e s o l u t i o n . Lines drawn on F i g . 7.12 w i t h slopes 
o f 2.0, 1.0 and 0.5 i n d i c a t e t h e expected curves i f , r e s p e c t i v e l y , two io n s 
a r e r e l e a s e d f o r every Zn i o n adsorbed; one i s r e l e a s e d f o r every one i o n 
adsorbed; or one i s r e l e a s e d f o r every two io n s adsorbed. 
7.4 ACCUMULATION OF Zn BY CELL WALLS 
7.41 A c c u m u l a t i o n over 6 h 
T h i s experiment t e s t s the assumption made i n p r e v i o u s experiments t h a t 
exchange processes were completed w i t h i n 1 h. Accumulation of Zn by 
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F i g . 7.10 R e l a t i o n s h i p between Zn i n medium and Zn adsorbed o n t o c e l l 
w a l l s o f R M nchosteglum i n K- and Ca-forms a t 15 °C i n l a b o r a t o r y b a t c h 
c u l t u r e . 
F i g . 7.11 D o u b l e - r e c i p r o c a l p l o t o f d a t a p r e s e n t e d i n F i g . 7.10. 
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p r o t o n a t e d c e l l w a l l s was f o l l o w e d over 6 h. A l l o t h e r c o n d i t i o n s were as 
b e f o r e . 
85% o f u p take a f t e r 6 h was completed w i t h i n t h e f i r s t 15 minutes ( F i g . 
7.13), 96% a f t e r 1 h and t h e remainder w i t h i n 2 h. 
7.42 A c c u m u l a t i o n by whole t i p s and by c e l l w a l l s 
P r e v i o u s e x p e r i m e n t s a l l used c o n c e n t r a t i o n s o f Zn i n excess of 
c o n c e n t r a t i o n s f o u n d i n n a t u r a l c o n d i t i o n s and have used c e l l w a l l s i n a 
p r o t o n a t e d s t a t e t h a t would be unusual under n a t u r a l c o n d i t i o n s . 
A c c u m u l a t i o n o f Zn a t a more r e a l i s t i c c o n c e n t r a t i o n was compared i n 
p r o t o n a t e d c e l l w a l l s and i n whole t i p s i n o r d e r t o r e l a t e o b s e r v a t i o n s 
made under l a b o r a t o r y c o n d i t i o n s t o whole s h o o t s . 
Ten t i p s p e r t r e a t m e n t were i n c u b a t e d i n 200 ml medium p l u s 1.0 mg 1 ^ 
Zn and samples o f c e l l w a l l s and whole t i p s were h a r v e s t e d a f t e r 1 h, 24 h 
and 168 h (= 7 d ) . A c c u m u l a t i o n by c e l l w a l l s was c a l c u l a t e d b e f o r e ( F i g . 
7.14 1) and a f t e r ( F i g . 7.14 i i ) r e s u l t s had been c o r r e c t e d t o t h e 
c o n c e n t r a t i o n o f z i n c as a p r o p o r t i o n o f t h e c o n c e n t r a t i o n i n t h e whole 
t i p . T h i s assumed t h a t c e l l w a l l s accounted f o r 71% o f t h e t o t a l d r y 
w e i g h t ( 7 . 2 2 ) . There was no s i g n i f i c a n t d i f f e r e n c e between c o r r e c t e d 
v a l u e s f o r whole t i p s and c e l l w a l l s a f t e r 1 h and 24 h b u t a t 168 h t h e 
whole p l a n t accumulated s i g n i f i c a n t l y more Zn t h a n t h e c e l l w a l l s ( F i g . 
7.14 i i ) . A c c u m u l a t i o n by c e l l w a l l s a t 24 h was s i g n i f i c a n t l y h i g h e r than 
a t 1 h (p = > 0.05) b u t a c c u m u l a t i o n a t 168 h was n o t s i g n i f i c a n t l y 
d i f f e r e n t f r o m a c c u m u l a t i o n a t e i t h e r 1 h o r 24 h. A c c u m u l a t i o n by whole 
t i p s a t b o t h 24 h and 168 h was s i g n i f i c a n t l y h i g h e r t h a n a t 1 h. 
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F i g . 7.13 Zn a c c u m u l a t i o n by c e l l w a l l s o f Rhynchostegium i n c u b a t e d i n 50 
mg 1 Zn a t 15 °C i n l a b o r a t o r y b a t c h c u l t u r e . V e r t i c a l bars = 95% 
c o n f i d e n c e l i m i t s . 
F i g . 7.14 Zn a c c u m u l a t i o n by whole t i p s and c e l l w a l l s o f Rhyp.chostegium 
a t 15 °C i n l a b o r a t o r y b a t c h c u l t u r e . i . = u n c o r r e c t e d d a t a : i i . = 
c o r r e c t e d d a t a , see 7.42 f o r f u r t h e r d e t a i l s . V e r t i c a l bars = 95% 
c o n f i d e n c e l i m i t s . 
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7.5 ROLE OF CALCIUM IN CONTROLLING ZINC ADSORPTION 
7.51 A c c u m u l a t i o n o f Zn by c e l l w a l l s e q u i l i b r a t e d i n Ca s o l u t i o n s 
The p r e v i o u s e x p e r i m e n t s used c e l l w a l l s t h a t had been f u l l y 
p r o t o n a t e d . I n n a t u r a l w a t e r s , where Ca and Mg are t h e dominant c a t i o n s 
t h e s e w i l l occupy a l a r g e p r o p o r t i o n o f exchange s i t e s and may p l a y a r o l e 
i n d e t e r m i n i n g t h e c o n c e n t r a t i o n o f Zn t h a t i s adsorbed. 
C e l l w a l l s were f i r s t p r o t o n a t e d and then e q u i l i b r a t e d i n s o l u t i o n s o f 
Ca(NO ) a t a range o f c o n c e n t r a t i o n s . These were r i n s e d and suspended i n 
50 ml o f 10 mg 1 Zn b u f f e r e d a t pH 7.0 f o r 1 h. Samples were analyzed 
f o r b o t h Ca and Zn ( F i g . 7.15). 
The mean c o n c e n t r a t i o n o f Zn was 14622 pg g and t h e 95% c o n f i d e n c e 
l i m i t s were 15046 pg g "'^  and 14198 pg g . There was l i t t l e v a r i a t i o n i n 
t h e c o n c e n t r a t i o n o f Zn adsorbed a t any e q u i l i b r i u m c o n c e n t r a t i o n of Ca. 
Three samples exceeded these l i m i t s and f o u r were below; however t h e r e was 
no s y s t e m a t i c t r e n d . The c o n c e n t r a t i o n o f Ca adsorbed i n c r e a s e d up t o 
about 15 mg 1 ^ Ca s u p p l i e d . 
7.52 C o m p e t i t i o n f o r exchange s i t e s between Zn and Ca 
P r e v i o u s e x p e r i m e n t s examined a d s o r p t i o n from Zn s o l u t i o n s onto c e l l 
w a l l s e q u i l i b r a t e d t o d i f f e r e n t i o n s . I n t h i s experiment t h e c e l l w a l l s 
were p r o t o n a t e d as b e f o r e and then s u p p l i e d w i t h s o l u t i o n s o f two i o n s : a 
s i n g l e c o n c e n t r a t i o n o f Zn and a range of Ca c o n c e n t r a t i o n s . 
Ca a d s o r p t i o n f i t t e d the Langmuir i s o t h e r m ( r = 0.995 * * * ) . The 
h i g h e s t c o n c e n t r a t i o n s o f Zn were adsorbed a t low c o n c e n t r a t i o n s of Ca i n 
s o l u t i o n ( F i g . 7.16) and t h e r e was a s i g n i f i c a n t l i n e a r c o r r e l a t i o n between 
Ca a d s o r p t i o n and Zn a d s o r p t i o n , w i t h a s l o p e o f -0.155 ( r = 0.920 * * * ) . 
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F i g . 7.15 I n t e r a c t i o n s between adsorbed Ca and Zn: e f f e c t of i n c r e a s i n g 
c o n c e n t r a t i o n s o f Ca i n c e l l w a l l on subsequent Zn a d s o r p t i o n . Samples 
i n c u b a t e d a t 15 °C under s t a n d a r d b a t c h c u l t u r e c o n d i t i o n s . 
F i g . 7.16 I n t e r a c t i o n s between adsorbed Ca and Zn: e f f e c t of i n c r e a s i n g 
c o n c e n t r a t i o n s o f Ca i n -nedium on subsequent Zn a d s o r p t i o n . Samples 
i n c u b a t e d a t 15 °C under s t a n d a r d b a t c h c u l t u r e c o n d i t i o n s . 
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8. CASE STUDY 
8.1 INTRODUCTION 
P r e v i o u s c h a p t e r s have demonstrated those f e a t u r e s which a f f e c t t h e 
a c c u m u l a t i o n of metals by a q u a t i c b r y o p h y t e s , p a r t i c u l a r l y w i t h r e f e r e n c e 
t o t h e use of moss-bags (Chapter 5 ) . I n t h i s c h a p t e r a q u a t i c b r y o p h y t e s 
w i l l be used i n a s t u d y o f a r e a l s i t u a t i o n w i t h i n t e r m i t t e n t heavy metal 
p o l l u t i o n . Both i n d i g e n o u s and t r a n s p l a n t e d mosses w i l l be s t u d i e d as 
m o n i t o r s o f Cr p o l l u t i o n i n the R. Cr o a l ( 0 2 6 7 ) . N-W. England. T h e i r 
e f f e c t i v e n e s s , compared w i t h c o n v e n t i o n a l water sampling t e c h n i q u e s , w i l l 
be c o n s i d e r e d . 
8.2 OUTLINE OF STUDY 
The s t u d y was conducted i n t h r e e p a r t s : 
i . p r e l i m i n a r y t r a n s p l a n t of Rhynchostegium below the H a l l Chemical Works 
t o i n v e s t i g a t e i t s p r o p e r t i e s o f metal a c c u m u l a t i o n i n 0267-90, 
i i . weekly v i s i t s , over a s i x week p e r i o d , i n which samples of i_n s i t u and 
t r a n s p l a n t e d moss and water samples were c o l l e c t e d from t h r e e s i t e s , 
i i i . e x p e riments i n t h e l a b o r a t o r y t o c o n f i r m the s p e c i a t i o n of Cr i n 0267, 
8.3 FIELD STUDIES 
8.31 Uptake of Cr by Rhynchostegium i n 0267-90 
Uptake of Cr by Rhynchostegium i n the C r o a l was i n v e s t i g a t e d by 
t r a n s p l a n t i n g a p o p u l a t i o n from 0310-90 i n t o 0267-90 u s i n g moss-bags. 
En v i r o n m e n t a l v a r i a b l e s were measured d u r i n g t h e course o f t h e experiment 
( T a b l e 8.1). 
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The c o n c e n t r a t i o n o f Cr i n t h e moss a t t h e s t a r t of t h e experiment was 
3.5 pg g ^. A c c u m u l a t i o n c o n t i n u e d t h r o u g h o u t t h e experiment ( F i g . 8.1), 
w i t h no evidence o f an asymptote b e i n g approached. Accumulation was slow 
f o r t h e f i r s t 12 h; t h e c o n c e n t r a t i o n r a t i o ( c o n c e n t r a t i o n i n moss 
(y g g • " ) / c o n c e n t r a t i o n i n water (mg 1 ) ) a t t h i s p o i n t was 286. A f t e r 
t h i s , a c c u m u l a t i o n was more r a p i d and t h e c o n c e n t r a t i o n r a t i o a t 24-h was 
1260. The c o n c e n t r a t i o n o f Cr i n Rhynchostegium showed s i g n i f i c a n t 
c o r r e l a t i o n s w i t h c o n d u c t i v i t y ( r = 0.934 **) t o t a l a l k a l i n i t y (0.963 
**) and d i s s o l v e d oxygen (-0.962 * * ) . 
T able 8.1 E n v i r o n m e n t a l v a r i a b l e s d u r i n g t r a n s p l a n t experiment i n 0267-90. 
t i m e f r o m temp. pH cond. Ca Cr 
s t a r t 
(h) (°C) (pS cm'^) (mg T ^ ) (mg T ^ ) 
0 14.0 7.6 405 33.9 0.037 
1 M.3 7.3 397 25.9 0.033 
2 14.5 7.4 388 30.3 0.028 
3 14.9 7.5 381 36.3 0.035 
4 15.3 7.6 378 31.1 0.041 
5 15.6 7.5 381 38.4 0.046 
6 16.0 7.6 379 38.7 0.049 
8 16.3 7.5 382 37.2 0.051 
10 16.3 7.5 388 37.3 0.047 
12 16.4 7.5 393 38.1 0.056 
18 15.6 7.3 423 39.5 0.040 
24 15.6 7.5 421 39.6 0.049 
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F i g . 8.1 .Accumulation of Cr by Rhynchostegium t r a n s p l a n t e d i n t o 0267-90 i n 
June 19S5. V e r t i c a l bars = 95"?!; c o n f i d e n c e l i m i t s . 
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8.32 Cr I n moss over six-week p e r i o d 
8.321 In d i g e n o u s moss 
Samples o f t h e most abundant Indigenous s p e c i e s a t 0267-80 and 0267-90 
were c o l l e c t e d over a six-week p e r i o d . These species were F o n t l n a l l s 
a n t i p y r e t l c a a t 0267-80 and Amblystegium r i p a r i u m a t 0267-90. 
Aqueous Cr was d e t e c t a b l e a t 0267-90 u s i n g flame AAS, on f o u r o f t h e 
s i x o c c a s i o n s . The maximum c o n c e n t r a t i o n recorded was 0.047 mg l '^ . No 
Cr was d e t e c t e d a t 0267-80 ( F i g . 8.2). 
D e s p i t e low Cr c o n c e n t r a t i o n s i n the water, Cr was d e t e c t e d i n 
F o n t i n a l i s on t h r e e o f t h e s i x sampling occasions. The maxi mum 
c o n c e n t r a t i o n r e c o r d e d was 50 pg g . Cr was d e t e c t e d i n i n s i t u 
Amblystegium on a ] ] occasions a t 0267-90. This i n c l u d e d one occasion when 
no Cr was d e t e c t a b l e i n water samples and once when i t was a t d e t e c t i on 
l i m i t (0.020 mg 1 ) . The c o n c e n t r a t i o n s ranged from 130 pg g t o 298 
pg g ^ . There was no d i r e c t c o r r e l a t i o n w i t h t h e c o n c e n t r a t i o n s measured 
i n t h e w a t e r . The c o n c e n t r a t i o n s measured on t h e occasions when Cr was a t 
or below d e t e c t i o n l i m i t i n the water were both h i g h e r t h a n t h e h i g h e s t 
c o n c e n t r a t i o n measured a t 0267-80. On 25th J u l y , one o f t h e two dates when 
no Cr was measured i n t h e water, the c o n c e n t r a t i o n i n Amblystegium was t h e 
h i g h e s t r e c o r d e d a t any p o i n t d u r i n g the study. 
8.322 T r a n s p l a n t e d moss 
.Moss-bags were put o u t on a l l occasions but were o n l y r e c o v e r e d on 
t h r e e o c c a s i o n s a t 0267-80, and not a t a l l a t 0267-90. At 0267-80, Cr was 
d e t e c t e d i n t r a n s p l a n t e d Rhynchostegium on each of these o c c a s i o n s ( T a b l e 
8.2). C o n c e n t r a t i o n s ranged from 43.3 pg g ^ t o 35.8 pg g ; these 
c o n c e n t r a t i o n s were s l i g h t l y lower than c o r r e s p o n d i n g c o n c e n t r a t i o n s i n 
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i n d i g e n o u s F o n t i n a l l s b u t do show s i g n i f i c a n t a c c u m u l a t i o n o f Cr compared 
w i t h t h e c o n c e n t r a t i o n i n 0310-90 (1.9 pg g ^ ; SD = 0.2). 
Tabl e 8.2 C o n c e n t r a t i o n of Cr i n water and i n mosses a t 0267-80. 




c o n c e n t r a t i o n 
i n water 




c o n c e n t r a t i o n i n moss (pg g~ ) 
F o n t i n a l i s Rhynchostegium 
( i n s i t u ) ( t r a n s p l a n t e d ) 
50.0 (SD = 4.7) 43.3 (SD = 2.8) 
44.0 (SD = 5.4) 35.8 (SD = 2.9) 
< 25.0 (SD = 1.2) 37.0 (SD = 6.4) 
There was no indi g e n o u s moss i n Blackshaw Brook; however t h e moss-bags 
were r e c o v e r e d on a l l o c c a s i o n s . On each o c c a s i o n , however, these bags had 
been covered by t h e s h i f t i n g sand and s i l t s u b s t r a t u m . Consequently, 
a l t h o u g h t h e c o n c e n t r a t i o n s of Cr i n t h e water were v e r y h i g h , the 
c o n c e n t r a t i o n s i n t h e t r a n s p l a n t e d moss were low ( F i g . 8.3). 
8.323 Comparison w i t h N.W.W.A. dat a 
The N.W.W.A. c o J l e c t e d a r o u t i n e water sample on 25.7.85 a t 1115; t h i s 
was a p p r o x i m a t e l y 1 h p r i o r t o t h e c o l l e c t i o n of the moss sample w i t h t h e 
h i g h e s t Cr c o n t e n t found d u r i n g t h e stu d y . Water samples c o l l e c t e d w i t h 
t h e moss sample had a low c o n c e n t r a t i o n o f Cr (< 0.020 mg 1 ^ ) ; however 
1 h e a r l i e r the N.W.W.A. sample c o n t a i n e d 0.030 mg 1 '^  Cr. The d i f f e r e n c e 
between the two samples i s s m a l l (0.010 mg 1 ) and i t i s n o t p o s s i b l e t o 
s t a t e c o n c l u s i v e l y whether t h i s e l e v a t e d Cr c o n c e n t r a t i o n was r e s p o n s i b l e 
f o r t h e h i g h c o n c e n t r a t i o n i n Amblystegium r i p a r i u m . 
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F i g . 8.2 C o n c e n t r a t i o n s o f Cr i n water and mosses i n 0267-80 and 0267-90 
d u r i n g six-week s t u d y p e r i o d i n J u l y and August 1985. V e r t i c a l b a r s = 95% 
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F i g . 8.3 C o n c e n t r a t i o n s o f Cr i n w a t e r and i n t r a n s p l a n t e d moss i n 0378-90 
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8.4 LABORATORY EXPERIMENTS 
8.41 I n t r o d u c t i o n 
The v a r i o u s o x i d a t i o n s t a t e s o f Cr a r e known t o behave b i o l o g i c a l l y i n 
v e r y d i f f e r e n t ways. I n a d d i t i o n t o t h e f i e l d e x p e r i m e n t s , t h e r e f o r e , some 
p r e l i m i n a r y experiments were conducted i n t h e l a b o r a t o r y t o compare 
a c c u m u l a t i o n by Rhynchostegium o f t h e two forms of Cr most commonly found 
i n n a t u r e , C r ( I I I ) and C r ( V I ) . 
8.42 I n i t i a l uptake r a t e s i n t h e l a b o r a t o r y 
A c c u m u l a t i o n of Cr from 10 mg 1 s o l u t i o n s of C r ( I I I ) (as CrK(S0^)2) 
and C r ( V I ) (as KCrO^) was f o l l o w e d over a 24-h p e r i o d . 
A c c u m u l a t i o n o f b o t h forms of Cr c o n t i n u e d t h r o u g h o u t t h e experiment. 
There was a d i f f e r e n c e of a p p r o x i m a t e l y two o r d e r s o f magnitude between t h e 
c o n c e n t r a t i o n s o f the two forms ( F i g . 8.4). A f t e r 24 h t h e moss i n C r ( I I I ) 
had accumulated 2600 pg g '^  o f Cr, w h i l s t t h a t i n C r ( V I ) had accumulated 
- 1 
about 20 pg g " . Over the f i r s t 6 h t h e s l o p e s (= Cr i n moss / t i m e ) were 
3.8 f o r C r ( I I I ) ( r = 0.930 ***) and 0.20 f o r C r ( V I ) ( r = 0.810 * * ) . 
8.43 Uptake o f Cr a t d i f f e r e n t aqueous Cr c o n c e n t r a t i o n s 
The r e s u l t s i n 8.42 show a l a r g e d i f f e r e n c e i n t h e c o n c e n t r a t i o n s of 
t h e two forms of Cr accumulated by Rhynchostegium over 24 h. As i t was 
unknown how t h i s r e l a t i o n s h i p c o n t i n u e d , e i t h e r below 1 mg 1 ( i . e . 
c o n c e n t r a t i o n s expected i n the f i e l d ) , o r above, an exp e r i m e n t was 
conducted u s i n g c o n c e n t r a t i o n s of C r ( I I I ) and C r ( V I ) from 
0.01 - 10.0 mg T"^ . 
Rhynchostegium was incubated i n media c o n t a i n i n g a known c o n c e n t r a t i o n 
o f C r ( I I I ) or C r ( V I ) f o r 24 h. There were f o u r r e p l i c a t e s of each 
t r e a t m e n t . 
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As i n 8.42, h i g h e r c o n c e n t r a t i o n s o f Cr were found i n t h e moss 
i n c u b a t e d i n C r ( I I I ) t h a n i n t h a t i n c u b a t e d I n C r ( V I ) , t h r o u g h o u t t h e 
c o n c e n t r a t i o n range s t u d i e d . When c o n s i d e r e d on a l o g ^ ^ / l o g ^ Q b a s i s ( F i g . 
8.5) t h e r e l a t i o n s h i p between t h e c o n c e n t r a t i o n s o f metal i n medium and i n 
moss was l i n e a r f o r b o t h chemical forms. 
8.5 DISCUSSION 
8.51 I n t r o d u c t i o n 
The case s t u d y r e p r e s e n t s a r e l a t i v e l y s e l f - c o n t a i n e d u n i t o f r e s u l t s 
and i t i s t h e r e f o r e r e l e v a n t t o i n c l u d e some d i s c u s s i o n o f these here. 
F u r t h e r comments o f a more g e n e r a l n a t u r e a r e pre s e n t e d i n t h e main 
d i s c u s s i o n ( 9 . 4 ) . 
8.52 Comparison o f l a b o r a t o r y and f i e l d r e s u l t s 
P a r t o f t h e o b j e c t of t h e s t u d y was t o i n v e s t i g a t e d i f f e r e n t i a l 
a c c u m u l a t i o n o f C r ( I I I ) and C r ( V I ) i n the l a b o r a t o r y and, from t h i s , 
p r e d i c t t h e chemic a l s p e c i a t i o n of Cr i n t h e C r o a l . I n t h e l a b o r a t o r y 
t h e r e was a marked d i f f e r e n c e i n the c o n c e n t r a t i o n s o f t h e two forms o f Cr 
accumulated by Rhynchostegium ( 8 . 4 ) . C r ( I I I ) was accumulated t o 
c o n c e n t r a t i o n s a p p r o x i m a t e l y one o r d e r o f magnitude g r e a t e r than C r ( V I ) 
( F i g . 8 .5); t h i s g r e a t e r a c c u m u l a t i o n of C r ( I I I ) meant t h a t r e l a t i v e l y low 
aqueous c o n c e n t r a t i o n s (< 0.01 mg 1 " ) were r e a d i l y d e t e c t e d w i t h o u t use 
of t h e g r a p h i t e f u r n a c e or p r e c o n c e n t r a t i o n t e c h n i q u e s . 
The c o n c e n t r a t i o n s of aqueous Cr d u r i n g t h e f i e l d s t u d y were r e l a t i v e l y 
low b u t i t was r e a d i l y accumulated by Rhynchostegium t o a f i n a l 
c o n c e n t r a t i o n of 63 pg g ( F i g . 8.1). T h i s i s i n t h e same o r d e r o f 
magnitude, b u t s t i l l s i g n i f i c a n t l y lower than t h e c o n c e n t r a t i o n s measured 
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F i g . 8.4 A c c u m u l a t i o n o f C r ( I I I ) and C r ( V I ) by Rhynchostegium over 24 h a t 
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F i g . 8.5 A c c u m u l a t i o n o f C r ( I I I ) and C r ( V I ) by Rhynchostegium a t d i f f e r e n t 
aqueous c o n c e n t r a t i o n s o f Cr a t 15 "C i n l a b o r a t o r y b a t c h c u l t u r e . V e r t i c a l 
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I n t h e l a b o r a t o r y a t s i m i l a r aqueous c o n c e n t r a t i o n s o f C r ( I I I ) ( F i g . 8.5). 
There were, however, c o n s i d e r a b l e d i f f e r e n c e s between c o n d i t i o n s i n t h e 
l a b o r a t o r y and i n t h e f i e l d . These i n c l u d e lower t e m p e r a t u r e s and h i g h e r 
c a l c i u m and n u t r i e n t c o n c e n t r a t i o n s i n t h e f i e l d ( T a b l e 3.10; Table 3.11). 
The f i e l d r e s u l t s s u p p o r t a h y p o t h e s i s t h a t t h e predominant form o f Cr i n 
t h e C r o a l i s C r ( I I I ) , a l t h o u g h the n a t u r e o f Cr i n t h e o r i g i n a l waste was 
C r ( V I ) (Gemmell, 1973). T h i s i s p a r t l y e x p l a i n e d by t h e mechanism o f 
r e c l a m a t i o n used, which i n c l u d e d a d d i t i o n o f FeSO^ t o reduce C r ( V I ) t o the 
l e s s t o x i c C r ( I I I ) f o r m (Gemmell, 1974; 1977). Both forms a re f r e q u e n t l y 
e n c o u n t e r e d i n n a t u r a l w a t e r s ( C r a n s t o n & Murray, 1980) and o x i d a t i o n from 
C r ( I I I ) back t o C r ( V I ) i s slow ( C o t t o n & W i l k i n s o n , 1972; E a r l e y & Cannon, 
1965) . 
8.53 Comparison o f a q u a t i c and accumulated c o n c e n t r a t i o n s 
The r e l a t i o n s h i p between aqueous c o n c e n t r a t i o n s and c o n c e n t r a t i o n s i n 
a q u a t i c b r y o p h y t e s has n o t been e s t a b l i s h e d f o r Cr i n t h e same way as f o r 
o t h e r m e t a l s ( W h i t t o n e t a l . , 1982; Say & W h i t t o n , 1983; Wehr & W h i t t o n , 
1983a). Such work g i v e s an i n d i c a t i o n of t h e a c c u m u l a t i o n expected i n a 
g i v e n aqueous c o n c e n t r a t i o n o f m e t a l . When p l a n t s a re used as m o n i t o r s of 
i n t e r m i t t e n t p o l l u t i o n then such r e l a t i o n s h i p s do n o t h o l d and a b i v a r i a t e 
s c a t t e r p l o t o f aqueous Cr v Cr i n moss d u r i n g t h i s s t u d y shows no 
r e l a t i o n s h i p . T h i s i s more l i k e l y t o be a r e f l e c t i o n on the f l u c t u a t i n g 
c o n c e n t r a t i o n s i n t h e r i v e r , r a t h e r t h a n a fundamental d i f f e r e n c e between 
Cr and o t h e r m e t a l s . 
There i s evidence o f s l i g h t Cr c o n t a m i n a t i o n a t 0267-80 on two 
o c c a s i o n s , b o t h missed by flame AAS ( F i g . 8.2). Such p u l s e s as these may 
have o r i g i n a t e d f r o m one o f s e v e r a l s t o r m sewer o v e r f l o w s upstream o f t h e 
s i t e (D.J. H o l l a n d , p e r s . comm.) and i t would have been p o s s i b l e a t t h e 
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t i m e t o use in situ a q u a t i c b r y o p h y t e s t o t r a c e t h e source o f t h e 
p o l l u t i o n , as has been shown p r e v i o u s l y (Say & W h i t t o n , 1983; Mouvet, 
1984) . 
0267-90 i s downstream o f t h e H a l l Chemical Works; however i t was n o t 
always p o s s i b l e t o d e t e c t Cr i n the water. On two o c c a s i o n s the 
c o n c e n t r a t i o n o f Cr was below t h e d e t e c t i o n l i m i t f o r f l a m e AAS; t h e 
c o n c e n t r a t i o n s r e c o r d e d i n t h e moss on b o t h occasions were s i g n i f i c a n t l y 
h i g h e r t h a n i n moss f r o m 0267-80 ( F i g . 8.2). T h i s d i f f e r e n c e cannot be 
e x p l a i n e d i n terms o f d i f f e r e n t a c c u m u l a t i o n r a t e s by t h e two s p e c i e s . 
F o n t i n a l i s accumulated more Zn per u n i t mass t h a n Amblystegium (Wehr, 1983; 
Wehr & W h i t t o n , 1983b) and i f t h e Cr i s i n the form o f c a t i o n i c C r ( I I I ) 
t h e n i t i s r e a s o n a b l e t o presume t h a t t h i s h o l d s t r u e a l s o f o r Cr. The 
c o n c e n t r a t i o n o f Cr on 25th J u l y was s i g n i f i c a n t l y h i g h e r than on any o t h e r 
o c c a s i o n ( F i g . 8.2) and t h i s i s evidence of a p e r i o d o f h i g h c o n c e n t r a t i o n s 
o f Cr p r i o r t o t h e sample b e i n g c o l l e c t e d . T h i s i s t h e o n l y reason t o 
a c c o u n t f o r t h e h i g h e r Cr c o n c e n t r a t i o n s r e c o r d e d i n t h e moss. The water 
sample c o l l e c t e d by t h e N.W.W.A. one hour p r e v i o u s t o these samples d i d 
c o n t a i n an e l e v a t e d c o n c e n t r a t i o n of Cr (0.030 mg 1 "^  ) b u t t h i s was 
p r o b a b l y n o t h i g h enough t o account f o r a l l o f the a c c c u m u l a t i o n observed 
i n Amblystegium ( 8 . 3 2 3 ) . 
More q u a n t i t a t i v e c o n c l u s i o n s c o u l d have been drawn, however, i f t h e r e 
were more d a t a on t h e r e l a t i o n s h i p between aqueous and accumulated Cr. 
Such d a t a i s more d i f f i c u l t t o c o l l e c t due t o t h e lower c o n c e n t r a t i o n s of 
Cr e n c o u n t e r e d and t o the s c a r c i t y o f s i t e s o f Cr p o l l u t i o n . Wehr & 
W h i t t o n ( 1 9 8 3 a ) , f o r example, d e t e c t e d Cr i n o n l y 27 o u t o f 105 " t o t a l " 
w a t e r samples and i t was excluded from t h e i r subsequent a n a l y s i s . These 
d a t a were a n a l y z e d d u r i n g t h e p r e s e n t s t u d y and t h e r e was a s i g n i f i c a n t 
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p o s i t i v e r e l a t i o n s h i p between l o g Cr i n water (Cr ) and l o g , . Cr i n 
10 a q 10 
2-cm t i p s o f Rhynchostegium ( C r ^ ^ ^ ) w i t h t h e f o l l o w i n g parameters: 
^°SlO ^ ^ i p = ( I ^ ^ I O ^ ^aq) * 3 
F = 25.20 *** r = 0.782 *** 
C a l c u l a t i o n o f p r e d i c t e d v a l u e s i s n e c e s s a r i l y crude because the d a t a 
i n Wehr and W h i t t o n ' s (1983a) s t u d y concerns Rhynchostegium o n l y . At t h e 
Cr = 0.020 mg 1 t h e expected c o n c e n t r a t i o n i n Rhynchostegium i s a q 
13 pg g ^ which i s an o r d e r o f magnitude lower than c o n c e n t r a t i o n s 
measured i n Amblystegium i n 0267-90 b u t corresponds t o t h e lo w e s t 
c o n c e n t r a t i o n s measured i n F o n t i n a l i s a t 0267-80. An i n c r e a s e i n Cr o f 
ac 
0.010 mg 1 t o 0.030 mg 1 ' causes an i n c r e a s e i n the c o n c e n t r a t i o n i n 
t i p s t o 20.5 pg g ' . s t i l l an o r d e r of magnitude lower than c o n c e n t r a t i o n s 
i n Amblystegium. I t i s u n l i k e l y t h a t t he aqueous c o n c e n t r a t i o n s .measured 
by N.W.W.A. (8.323) would have been r e s p o n s i b l e f o r t h e h i g h c o n c e n t r a t i o n s 
i n t h e moss (298 pg g~^) and t h e r e had p r o b a b l y been a p e r i o d o f h i g h e r 
c o n c e n t r a t i o n s p r i o r to c o l l e c t i o n o f the samples. The aqueous 
c o n c e n t r a t i o n s p r e d i c t e d by the above e q u a t i o n t o g i v e such a c o n c e n t r a t i o n 
i n Rhynchostegium i s a p p r o x i m a t e l y 0.300 mg 1 ', double t h e h i g h e s t 
c o n c e n t r a t i o n measured by Wehr and W h i t t o n (1983a) b u t i n t h e range t h a t 
may be expected a t p e r i o d s o f low f l o w i n 0267 ( F i g . 3.10). The 
c o n c e n t r a t i o n s measured i n F o n t i n a l i s and t r a n s p l a n t e d Rhynchostegium a t 
0267-80 i n d i c a t e p e r i o d s w i t h aqueous c o n c e n t r a t i o n s of 0.030 nig 1 t o 




T h i s c h a p t e r d i s c u s s e s fundamental and a p p l i e d a s p e cts o f t h e r e s u l t s 
and w i l l r e l a t e t h e s e t o t h e use o f a q u a t i c mosses as m o n i t o r s of heavy 
m e t a l p o l l u t i o n . 
9.2 GROlfTH EXPERIMENTS 
9.21 I n t r o d u c t i o n 
The s u c c e s s f u l use o f a moss f o r m o n i t o r i n g purposes r e q u i r e s 
c o n s i d e r a b l e i n f o r m a t i o n on i t s g r o w t h b i o l o g y ( 1 . 6 ) . The p r e s e n t s t u d y 
has gone some way t o p r o v i d e t h i s f o r Rhynchostegium. Some aspects o f t h i s 
w i l l be d i s c u s s e d h e r e . 
9.22 S e a s o n a l i t y i n g r o w t h r a t e o f Rhynchostegiuo 
A l t h o u g h t h e r e were d i f f e r e n c e s between t h e g r o w t h r a t e i n t h e f o u r 
streams s t u d i e d ( c h a p t e r 4) i t i s p o s s i b l e t o make a few comments. Peak 
g r o w t h i n a l l streams o c c u r r e d i n l a t e s p r i n g and e a r l y summer, a l t h o u g h i n 
t h r e e o f t h e f o u r streams t h e r e was a second peak i n October (4.4) which 
c o i n c i d e d w i t h t h e f o r m a t i o n of c a p s u l e s ( S m i t h , 1978; Watson, 1982; Wehr & 
W h i t t o n , 1983b). The t e m p e r a t u r e s a t t h i s t i m e were s t i l l r e l a t i v e l y warm 
b u t becoming c o o l e r ( F i g . 4 . 2 ) ; t h i s i s t h e r e f o r e more t h a n j u s t a 
t e m p e r a t u r e e f f e c t and t h e c o i n c i d e n c e o f gametophore f o r m a t i o n and t h i s 
i n c r e a s e d g r o w t h r a t e may i n d i c a t e t h a t t h e r e i s some p h e n o l o g i c a l c o n t r o l 
w-.thin t h e p l a n t s i m i l a r t o t h a t i n F o n t i n a l i s d a l e c a r l i c a (Glime, 1984). 
T i m e - s e r i e s a n a l y s i s , u s i n g c r o s s - c o r r e l a t i o n s ( T a b l e 4.10), showed 
l i t t l e e v i d e n c e o f a l a g between a v a r i a b l e and i t s e f f e c t on t h e r a t e of 
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g r o w t h e x c e p t i n 0310-90 where t h e t h r e e t e m p e r a t u r e v a r i a b l e s a l l had a 
l a g o f one month i n t h e i r e f f e c t . 
The e f f e c t o f t e m p e r a t u r e i t s e l f i s i n t e r e s t i n g . O b s e r v a t i o n s were made 
a t a range o f t e m p e r a t u r e s , from 3.1 "C t o 12.3 "C (no measurements were 
made i n February when t e m p e r a t u r e s had dropped t o 0.6 °C i n 0091-05) and 
some g r o w t h was observed a t each o c c a s i o n . There was a s i g n i f i c a n t 
r e l a t i o n s h i p between g r o w t h r a t e and water t e m p e r a t u r e w i t h i n t h i s range 
( F i g . 4.12) and e x t r a p o l a t i o n o f t h e r e g r e s s i o n i n d i c a t e s t h a t growth would 
cease a l t o g e t h e r a t a w a t e r t e m p e r a t u r e o f 1.7 "C and a mean weekly maximum 
a i r t e m p e r a t u r e o f -1.7 °C. Such a h y p o t h e s i s pays no r e g a r d t o seasonal 
v a r i a t i o n s i n l i g h t q u a l i t y which would a l s o be a t a minimum d u r i n g t h e 
w i n t e r months. Minimum t e m p e r a t u r e s f o r g r o w t h o f Rhynchostegium are low 
compared w i t h those r e q u i r e d f o r growth o f Cladophora g l o m e r a t a ( W h i t t o n , 
1967; Cambridge e t a l . , 1984) b u t i s n o t unusual f o r an a q u a t i c b r y o p h y t e ; 
P r i d d l e (1980. ) n o t e d r e s p i r a t i o n i n b o t h C a l l i e r g o n sarmentosum and 
Drepanocladus sp. a t 1.2 °C and b a c k - e x t r a p o l a t i o n of h i s r e s u l t s i n d i c a t e s 
t h a t Drepanocladus s t i l l had t h e t h e o r e t i c a ] c a p a c i t y t o r e s p i r e a t 0 °C. 
S i m i l a r l y , F o n t i n a l i s d u r i a e i was c o l d - a d a p t e d t o t e m p e r a t u r e s of between 0 
and 1 °C ( F o r n w a l l & Glime, 1982). There was no evidence o f a temperature 
c e i l i n g d u r i n g t h i s s t u d y ( F i g . 4.13); maximum gro w t h r a t e s have been 
observed f o r a q u a t i c b r y o p h y t e s a t t e m p e r a t u r e s w e l l above those found i n 
t h i s s t u d y ( S a n f o r d , 1979: Glime, 1982; Maberley, 1985a; 1985b). 
The a b i l i t y o f Rhynchostegium t o s u r v i v e and grow a t low t e m p e r a t u r e s 
may e x p l a i n i t s p e r s i s t e n c e t h r o u g h w i n t e r months. I n a p r e v i o u s s t u d y 
(Wehr, 1983; Wehr & W h i t t o n , 1983b) e s t i m a t e s were made of r e l a t i v e 
abundance (sensu Holmes & W h i t t o n , 1977; 1981) o f a q u a t i c mosses a t seven 
s i t e s i n N-E. England. At a l l s i t e s Rhynchostegium showed l e s s s e a s o n a l i t y 
t han a number of o t h e r a q u a t i c b r y o p h y t e s ( i n c l u d i n g Amblystegium r i p a r i u m 
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and F o n t i n a l l s a n t i p y r e t i c a ) and m a c r o p h y t i c algae (Cladophora g l o m e r a t a , 
S t i g e o c l o n i u m tenue and Lemanea f l u v i a t i l i s ) . 
9.23 D i f f e r e n c e s between streams 
There were s e v e r a l d i f f e r e n c e s i n monthly gron'th r a t e s o f Rhynchostegium 
between streams ( 4 . 4 6 ) . The gro w t h r a t e was f a s t e s t i n 0309-80 ( 4 . 4 4 ) ; 
t h i s was b o t h t h e l o w e s t ( T a b l e 3.2) and t h e warir.est ( F i g . 4.3) o f t h e f o u r 
streams and, w i t h 0310-90, t h e l e a s t shaded ( T a b l e 4.3). These f a c t o r s may 
have c o n t r i b u t e d t o t h e r e l a t i v e l y r a p i d r a t e o f g r o v j t h ; hovjever t h e 
c o n c e n t r a t i o n s o f n i t r a t e and phosphate were r e l a t i v e l y low compared w i t h 
o t h e r streams ( T a b l e 4 . 4 ) . The s l o w e s t r a t e o f gr o w t h was found i n 0310-90 
(4.45) which was t h e h i g h e s t ( T a b l e 3 . 2 ) , c o o l e s t ( F i g . 4.3) and most 
exposed st r e a m , a l t h o u g h i t had h i g h e r c o n c e n t r a t i o n s o f n u t r i e n t anions 
t h a n 0309-80 ( T a b l e 4.4). I n 0091-05 a low gro w t h r a t e was a s s o c i a t e d w i t h 
low c o n c e n t r a t i o n s o f n u t r i e n t s ( 4 . 4 2 ) . The l o w e s t c o n c e n t r a t i o n s o f these 
were measured i n 0091-05, a s s o c i a t e d w i t h a f a i r l y low r a t e o f gr o w t h 
(4.42) . 
A f u r t h e r f a c t o r w h i c h may cause d i f f e r e n t i a l g r o w t h r a t e s between 
streams i s d e s i c c a t i o n . The d e p t h o f water a t t h e s i t e s v a r i e d 
c o n s i d e r a b l y and some p o p u l a t i o n s spent more t i m e o u t o f t h e water t h a n 
o t h e r s . Rhynchostegium has been shown t o be r e l a t i v e l y t o l e r a n t t o 
emersion (Penuelas, 1984) and t h i s may e x p l a i n t h e c o - i n c i d e n c e of low 
g r o w t h r a t e s w i t h low f l o w s i n t h e summer. 
9.24 Comparison w i t h o t h e r s p e c i e s 
The r a t e o f g r o w t h o f Rhynchostegium i s much slower t h a n r e c o r d e d i n a 
number o f o t h e r a q u a t i c p l a n t s . The maximum r a t e o f 2.31 mm wk ~ re c o r d e d 
d u r i n g t h i s s t u d y (4.44) i s v e r y low compared w i t h growth r a t e s o f a q u a t i c 
angiosperms such as H y d r l l l a v e r t i c i l l a t a (Barko, 1982), Elodea n u t t a l l i i 
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( K u n i i , 1984), Ranunculus f l u i t a n s ( E i c h e n b e r g e r & Weilenmann, 1982) and 
Potamogeton p e c t l n a l u s ( H oward-Williams, 1978) and a l g a e such as Cladophora 
( W h i t t o n , 1967; Cambridge e t a l , . , 1984) and Enteromorpha f l e x u o s a ( A l l e n , 
1970). The r a t e i s , however, comparable w i t h those f o r a v a r i e t y of o t h e r 
b r y o p h y t e s . There a r e problems in ."naking d i r e c t comparisons w i t h t h e se 
r e c o r d s p a r t l y because a l a r g e number o f such r e c o r d s a r e based on s i n g l e 
a n n u a l nieans r a t h e r t h a n t h e more d e t a i l e d s t u d y conducted here. Such 
f i g u r e s have t o be a d j u s t e d b e f o r e a comparison may be made. Clymo (1970) 
n o t e s l a r g e d i f f e r e n c e s i n t h e r a t e o f g r o w t h o f Sphagnum between l o w l a n d 
and u p l a n d s i t e s i n Great B r i t a i n and slow r a t e s have been recorded f o r 
R a c o m i t r i u m lanuginosum a t u p l a n d s i t e s ( T a l l i s , 1959), P o l y t r i c h u m 
( L o n g t o n , 1970) and Dicranum (as C h o r i s o d o n t i u a ; Baker, 1972) i n A n t a r c t i c a 
and Sphagnum i n A l a s k a (Luken, 1985); t h e s e r a t e s were a l l below 
0.5 mm wk ^ ( c o r r e c t e d f o r l e n g t h o f g r o w i n g season). Rates were h i g h e r 
( b u t s t i l l averaged below 1 mm wk ^ over t h e whole y e a r ) f o r t h r e e species 
a t l o w l a n d s i t e s i n Wales (Benson-Evans & Brough, 1965). The r a t e o f 
g r o w t h o f Rhynchostegium may be sloi-u compared w i t h o t h e r a q u a t i c p l a n t s b u t 
i t i s o f t h e same o r d e r as f o r a range o f o t h e r b r y o p h y t e s . 
Other measurements o f g r o w t h r a t e s o f a q u a t i c b r y o p h y t e s i n c l u d e t h a t of 
Marsden (1979) who measured t h e g r o w t h r a t e o f Scapania u n d u l a t a t o be 
0.35 mm wk ^ ; a low f i g u r e compared w i t h t h e se r e s u l t s , perhaps 
s u r p r i s i n g l y so as Marsden's s t u d y was conducted i n t h e summer. An 
e x p l a n a t i o n may l i e i n t h e d i f f e r e n c e s between growth forms. S. u n d u l a t a 
grows i n c l o s e l y packed " t u r f s " or " c u s h i o n s " (sensu Gimmingham & B i r s e , 
1957) w h i c h may cause c o n s i d e r a b l e s e l f - s h a d i n g (Harper, 1977); advantages 
i n t h i s t y p e o f g r o w t h f o r m may r e l a t e t o i t s a b i l i t y t o r e s i s t a b r a s i o n 
and s c o u r . Growth r a t e s o f F o n t i n a l i s d a l e c a r l i c a (Johnson, 1978) and F. 
h y p n o i d e s ( G l i m e , 198?,) i n t h e f i e l d were two t o t h r e e t i m e s t h e maximum 
observed here and t h e g r o w t h r a t e o f Amblystegium r i p a r i u m i n t h e 
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l a b o r a t o r y was a l s o c o n s i d e r a b l y f a s t e r ( S a n f o r d , 1979). Semi-aouatic 
p o p u l a t i o n s o f Sphagnum cuspidatum showed growth r a t e s of up t o 
3.5 mm wk ~ b o t h i n t h e l a b o r a t o r y ( a t 15 °C) and i n t h e f i e l d (Press e t 
a l . , 1986). A t e n t a t i v e h y p o t h e s i s c o n c e r n i n g t h e d i f f e r e n c e s l i e s i n t h e 
" n i c h e s " o f these d i f f e r e n t s p e c i e s i n streams. S e v e r a l a q u a t i c b r y o p h y t e s 
have w e l l d e f i n e d " n i c h e s " i n streams ( T u t i n , 1949; Glime, 1970; Slack & 
Glime, 1985) which may r e l a t e t o t h e p h y s i o l o g i c a l l i m i t s o f each 
(Penuelas, 1984). One such may be boundary l a y e r r e s i s t a n c e s t o a q u a t i c 
COg d i f f u s i o n ( J e n k i n s & P r o c t o r , 1985). S t r e a m l i n e d morphology enables 
F o n t i n a l i s t o maximise t h i s , w h i l s t m a t - f o r m i n g species such as 
Rhynchostegium a r e , perhaps, r e s t r i c t e d t o more t u r b u l e n t areas. T h i s i n 
t u r n may i n c r e a s e t h e l o s s e s due t o a b r a s i o n and scour (Conboy & Glime, 
1971) and t h e l e n g t h o f t i m e t h a t t h e y a r e n o t immersed ( 9 . 2 2 ) . 
9.25 E f f e c t o f heavy m e t a l s on r a t e o f g r o w t h o f Rhynchostegium 
D u r i n g t h e s t u d y t h e r e were no s i g n s o f adverse e f f e c t s of heavy metals 
i n e i t h e r o f t h e streams which had e l e v a t e d c o n c e n t r a t i o n s . One o f t h e s e , 
0309-80, a c t u a l l y had t h e f a s t e s t g r o w t h r a t e o f t h e f o u r streams ( 4 . 4 4 ) . 
T h i s r a i s e s q u e s t i o n s r e g a r d i n g a d a p t a t i o n s and t o l e r a n c e s t o heavy m e t a l s . 
Rhynchostegium was d e s c r i b e d as a s p e c i e s o f i n t e r m e d i a t e t o l e r a n c e t o z i n c 
by I'Jhitton and Diaz (1980) and i t s o c c u r r e n c e over a wide range of z i n c 
c o n c e n t r a t i o n s has been n o t e d . Work by N.G.W. Fenton (Durham, u n p u b l i s h e d 
d a t a ) showed Rhynchostegium f r o m a l o w - z i n c stream (0310-90) t o be 
n a t u r a l l y t o l e r a n t o f c o n c e n t r a t i o n s o f z i n c w e l l i n excess o f those 
e x p e r i e n c e d h e r e . Glime & Keen (1984) showed i t t o be more t o l e r a n t t o 
copper t h a n t h r e e s p e c i e s o f F o n t i n a l i s , a s p e c i e s on which t h e r e has been 
some work on t o x i c i t y (Sommler and W i n k l e r , 1982; Weise e t a^., 1985). 
These workers showed F o n t i n a l i s t o c o n t i n u e t o p h o t o s y n t h e s i z e a t 
r e l a t i v e l y h i g h c o n c e n t r a t i o n s o f heavy m e t a l s compared w i t h f i l a m e n t o u s 
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a l g a e such as Cladophora ( W h i t t o n . 1970), S t i g e o c l o n l u m ( H a r d i n g & W h i t t o n , 
1976) and Hormldlum (Say e t a l . , 1977); however t h e l a t t e r two species 
were capable o f d e v e l o p i n g t o l e r a n c e s r e l a t i v e l y r a p i d l y . I t i s u n l i k e l y 
t h a t Rhynchostegium r e q u i r e s a g e n e t i c a d a p t a t i o n t o s u r v i v e a t these 
c o n c e n t r a t i o n s . 
9.3 MECHANISM OF ACCUMULATION OF ZINC 
9.31 A c c u m u l a t i o n and l o s s by whole t i p s 
S e v e r a l a q u a t i c p l a n t s have been shown t o accumulate heavy metals over 
l o n g p e r i o d s o f time (Marsden, 1979; Hardi n g & W h i t t o n , 1981; Bond e t ed., 
1985; Everard & Denny, 1985b) and e x i s t i n g d a t a f o r z i n c a c c u m u l a t i o n by 
Rhynchostegium i m p l i e s t h a t a p l a t e a u was reached w i t h i n 12 h (Wehr, 1983). 
However t h i s s t u d y showed t h a t a c c u m u l a t i o n o f z i n c , cadmium and lead 
c o n t i n u e d over a p e r i o d o f s e v e r a l days ( 6 . 2 ) . These c o n f l i c t i n g r e s u l t s 
r e q u i r e some e x p l a n a t i o n : samples o f i n s i t u moss were c o l l e c t e d and 
ana l y z e d f o r t h e i r metal c o n t e n t over the e x p e r i m e n t a l p e r i o d . Changes i n 
c o n c e n t r a t i o n s o f z i n c and cadmium i n t h e in s i t u moss a r e m i r r o r e d by 
f l u c t u a t i o n s i n t h e c o n c e n t r a t i o n s i n t r a n s p l a n t e d moss from about day s i x 
onwards ( 6 . 2 ) . T h e i r a c c u m u l a t i o n p e r i o d l a s t s f o r about s i x days and 
subsequent changes r e f l e c t changes i n d i s s o l v e d z i n c and cadmium (Table 
6.1). The data f o r l e a d does n o t f o l l o w such a p a t t e r n : t h e r a t e o f 
a c c u m u l a t i o n i s slower and c o n t i n u e s over a p e r i o d o f 16 days ( F i g . 6.1). 
Zinc and lead a c c u m u l a t i o n by t r a n s p l a n t e d Scapania u n d u l a t a showed an 
i n i t i a l phase of a c c u m u l a t i o n o f a s i m i l a r d u r a t i o n t o t h a t o f 
Rhynchostegium (6.2) (Marsden, 1979); these were f o l l o w e d by changes i n 
c o n c e n t r a t i o n s i n t r a n s p l a n t e d moss which r e f l e c t e d changes i n 
c o n c e n t r a t i o n s i n i^n s i t u m a t e r i a ] . 
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A second p o i n t o f i n t e r e s t i n t h e r e s u l t s from t h e l o n g - t e r m t r a n s p l a n t 
e x p e r i m e n t s i s t h a t t h e f i n a l c o n c e n t r a t i o n f a c t o r o f z i n c i n t r a n s p l a n t e d 
moss i s s i g n i f i c a n t l y h i g h e r t h a n t h e c o n c e n t r a t i o n i n i n s i t u moss ( F i g 
6.1) and v i c e v e r s a f o r cadmium and l e a d . T h i s may r e f l e c t v a r i e t a l 
d i f f e r e n c e s between p o p u l a t i o n s ; Wehr (1983) found s i m i l a r marked 
d i f f e r e n c e s w i t h r e s p e c t t o z i n c a c c u m u l a t i o n . Wehr (1983) found v a r i e t a l 
d i f f e r e n c e s between p o p u l a t i o n s i n a t r a n s p l a n t i n v o l v i n g f i v e p o p u l a t i o n s 
between l o w - z i n c streams and 0048-90. The d i f f e r e n c e s i n 6.2 are more 
l i k e l y t o r e f l e c t these i n t e r - p o p u l a t i o n d i f f e r e n c e s t han the development 
of an t o l e r a n c e mechanism and t h i s c o n c l u s i o n i s s u b s t a n t i a t e d by the st u d y 
on z i n c t o l e r a n c e i n Rhynchostegium r e f e r r e d t o above (9.24) 
The extended p e r i o d o f a c c u m u l a t i o n i m p l i e s t h a t t h e r e are more 
processes i n v o l v e d i n a c c u m u l a t i o n t h a n s i m p l y a d s o r p t i o n onto c e l l w a l l 
exchange s i t e s . Much emphasis has been p l a c e d on the r o l e o f exchange 
a d s o r p t i o n i n met a l a c c u m u l a t i o n by b r y o p h y t e s ( R u h l i n g & T y l e r , 1970; 
Brown & Bates. 1972; Brown & House, 1978), a l t h o u g h r e c e n t l y workers have 
i n t e r p r e t e d these r e s u l t s i n terms o f o t h e r processes as w e l l (Brown, 
1984). The apparent l o c a t i o n o f z i n c d u r i n g a c c u m u l a t i o n i n d i c a t e d t he 
i m p o r t a n t r o l e o f e x c h a n g e - a d s o r p t i o n ( F i g 6.5) b u t a s i g n i f i c a n t 
p r o p o r t i o n was accounted f o r by t h e r e s i d u a l f r a c t i o n . Throughout the 
f i r s t 12 h, t h e exchangeable f r a c t i o n accounted f o r 77.5% of accumulated 
z i n c ( F i g . 6.3) which compares w i t h 80% o f z i n c found i n the c e l l w a l l of 
F o n t i n a l i s a n t i p y r e t i c a by d i f f e r e n t i a l c e n t r i f u g a t i o n ( B u r t o n & Peterson, 
1979), and 93% of accumulated copper e x t r a c t e d from the c e l l w a l l of 
Solenostoma c r e n u l a t u m (Brown & House, 1978). R e s u l t s from analyses of 
r o o t s o f h i g h e r p l a n t s a r e s i m i l a r ( T u r n e r , 1970). The r e s i d u a l 24.5% of 
z i n c t h a t was n o t removed by N i C l ^ i s assumed t o r e p r e s e n t i n t r a c e l l u l a r 
u p t a k e . Brown (1982) and co-workers were a b l e t o r e l e a s e much o f t h i s by 
r u p t u r i n g t h e plasmalemma u s i n g d i l u t e a c i d s . The potassium r e l e a s e d a t 
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t h i s s t a g e i n d i c a t e d t h a t t h e metals o r i g i n a t e d from i n s i d e t h e c e l l 
(2.422) r a t h e r t han from d i s c r e t e p r e c i p i t a t e s o u t s i d e t h e c e l l which have 
been observed f o r some sp e c i e s ( S i l v e r b e r g , 1975; Sharpe & Denny, 1976; 
Satake & Miyasaka, 1984; Mouvet, 1984) a l t h o u g h these have been observed t o 
for m w i t h i n a minute o f c o n t a c t w i t h metal s a l t s , a l b e i t a t h i g h 
c o n c e n t r a t i o n s (Sharpe & Denny, 1976). 
Over a 14-d exposure p e r i o d t h e p r o p o r t i o n of e x t r a c e l l u l a r z i n c 
decreased and the r e s i d u a l p r o p o r t i o n i n c r e a s e d ( F i g . 6.5). T h i s may be an 
a r t e f a c t o f t h e b a t c h c u l t u r e c o n d i t i o n s (see 7:25) s i n c e t h e r e was an 
e x p o n e n t i a l decrease i n t h e c o n c e n t r a t i o n o f z i n c i n f l a s k s ( T a b l e 6.5) 
which would l e a d t o new e q u i l i b r i a b e i n g e s t a b l i s h e d between t h e media and 
the exchange s i t e s . Less than 50% o f z i n c i s l o c a t e d i n the exchangeable 
f r a c t i o n by the end o f t h e exposure p e r i o d ( F i g . 6.5). Such a h i g h 
p r o p o r t i o n i n the l a t t e r p r o v i d e s s t r o n g evidence t h a t metal a c c u m u l a t i o n 
by b r y o p h y t e s over extended p e r i o d s of t i m e may be accounted f o r by 
i n t r a c e l l u l a r uptake. 
Moreover, a comparison of a c c u m u l a t i o n by whole t i p s and by c e l l w a l l s 
(7.42) p r o v i d e s s u p p o r t f o r t h i s h y p o t h e s i s . A c c u m u l a t i o n by b o t h was very 
s i m i l a r a f t e r 1 h (as i n F i g . 6.5), w h i l s t a f t e r 24 h and 168 h whole t i p s 
c o n s t i t u t e d a s i g n i f i c a n t l y l a r g e r f r a c t i o n ( F i g . 7.14). The d i f f e r e n c e 
here i s n o t so pronounced as i n F i g . 6.5 b u t t h e c e l l w a l l r e p r e s e n t s a 
"model" system and c o n s e q u e n t l y w i l l have more exchange s i t e s per u n i t mass 
compared w i t h whole p l a n t s . 
The mechanism by which t h i s i n t r a c e l l u l a r f r a c t i o n was accumulated was 
i n v e s t i g a t e d d u r i n g the stu d y . The r e s u l t s show (6.421) no e f f e c t of l i g h t 
on z i n c a c c u m u l a t i o n i n the l a b o r a t o r y b u t t h e r e s u l t s o f t h i s experiment 
were i n c o n t r a s t w i t h a f i e l d experiment (6.422) i n wb«4ie t h e r e was 
decreased z i n c a c c u m u l a t i o n i n t h e l i g h t ( F i g . 6.8). The former g i v e s t h e 
more t y p i c a l r e s u l t s compared w i t h data f o r a c c u m u l a t i o n o f heavy metals 
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i n t o a l g a e ( G u t n e c h t , 1961; Skowronski, 1984b), b r y o p h y t e s ( P i c k e r i n g * 
P u i a , 1969; Brown & B e c k e t t , 1985) and l i c h e n s ( B e c k e t t & Brown, 1984) and 
f o r t h e i n f l u x o f major i o n s i n t o mosses ( S i n c l a i r , 1968). Dark 
p r e i n c u b a t i o n l e d t o decreased a c c u m u l a t i o n o f z i n c ( T a b l e 6.9); t h i s 
e f f e c t was g r e a t e s t when t h e moss was t r a n s p l a n t e d i n t o the z i n c - e n r i c h e d 
stream i n t h e d a r k ( 6 . 4 2 3 ) . These t h r e e e x p e r i m e n t s g i v e a p p a r e n t l y 
c o n f l i c t i n g r e s u l t s which suggest t h a t t h e s t a t e of t h e moss p r i o r t o t h e 
e x p e r i m e n t s may have been d i f f e r e n t i n each case. 
There were s i g n i f i c a n t e f f e c t s o f t e m p e r a t u r e a t a l l t h r e e sample times 
( T a b l e 6 . 1 1 ) ; c o r r e s p o n d i n g t e m p e r a t u r e q u o t i e n t (Q.,Q) v a l u e s were 1.23 
a f t e r I h and 1 . 1 6 a f t e r 24 h and 168 h ( 6 . 4 3 ) . L i i t t g e and Higinbotham 
( 1 9 7 9 ) quote Q^^ v a l u e s o f between 1.2 and 1.6 as b e i n g c h a r a c t e r i s t i c of 
t h e r m a l a g i t a t i o n and 2 t o 3 as b e i n g t y p i c a l of membrane d i f f u s i o n . The 
v a l u e s found here are t h e r e f o r e low even i f t h e process i s assumed t o be 
p a s s i v e ; however they compare f a v o u r a b l y w i t h v a l u e s f o r z i n c a c c u m u l a t i o n 
by F o n t i n a l i s a n t i p y r e t i c a (Q^Q = 1-2; P i c k e r i n g & Puia, 1 9 6 9 ) and f o r 
n i c k e l a c c u m u l a t i o n by the l i c h e n U m b i l i c a r i a m u h l e n b e r g i i (Q. . = 1 . 1 : 
J. 0 
Nieboer et^ aJ., 1 9 7 6 ; both v a l u e s c a l c u i a t e d from data i n these papers) and 
f o r a c c u m u l a t i o n o f major i o n s such as phosphate i n t o r o o t t i s s u e s 
( C l a r k s o n , 1 9 7 4 ) . High Q^^ v a l u e s alone do n o t n e c e s s a r i l y i m p l y t h a t 
m e t a b o l i c energy i s i n v o l v e d s i n c e any process w i t h an a p p r e c i a b l e energy 
b a r r i e r t o surmount may g i v e s i m i l a r r e s u l t s (Nobel, 1 9 7 4 ; B o w l i n g , 1 9 7 6 ) ; 
t h e s e may i n c l u d e p a s s i v e d i f f u s i o n a cross a membrane. The r e s u l t s shown 
i n 6 . 4 3 d i d n o t s e p a r a t e t h e e f f e c t s o f exchange a d s o r p t i o n and t h e 
i n t r a c e l l u l a r a b s o r p t i o n and a l a r g e exchangeable componant may reduce the 
o v e r a l l Q^^ v a l u e . Even i f t h e p r e s e n t Q^^ v a l u e s are doubled t h e y are 
s t i l l below v a l u e s quoted by L i i t t g e and Higinbotham ( 1 9 7 9 ) as b e i n g t y p i c a l 
o f t r u l y " a c t i v e " uptake. 
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The r e s u l t s f r o m o t h e r s t u d i e s u s i n g m e t a b o l i c i n h i b i t o r s a re f a r from 
c o n s i s t e n t and ten d t o r e i n f o r c e t h e d i f f i c u l t i e s i n i n t e r p r e t a t i o n which 
must be overcome i f i n h i b i t o r s a r e t o be used e f f e c t i v e l y (Webb, 1963; 
Bo w l i n g , 1976). I n t h i s s t u d y i n h i b i t o r s were used t o se p a r a t e t h e e f f e c t s 
o f o x i d a t i v e - and phot o - p h o s p h o r y l a t i o n ( 6 . 4 4 2 ) . There was no c o n s i s t e n t 
d i f f e r e n c e between t r e a t m e n t s ( F i g . 6.10); s i g n i f i c a n t d i f f e r e n c e s were 
observed o n l y where samples t r e a t e d w i t h t h e i n h i b i t o r had accumulated more 
z i n c than t h e c o n t r o l s and t h i s may i n d i c a t e " l e a k y " membranes. N e i t h e r 
i n h i b i t o r caused reduced a c c u m u l a t i o n . Other workers have r e p o r t e d a 
decrease i n o v e r a l l membrane p o t e n t i a l i n br y o p h y t e s u s i n g a z i d e , 2,4-DNP 
and ammonium c h l o r i d e . These a l l a f f e c t o x i d a t i v e p h o s p h o r y l a t i o n which 
may i m p l y t h a t r e s p i r a t i o n r a t h e r than p h o t o s y n t h e s i s , was the source o f 
energy ( C o n t a r d i & Davies, 1978); however o t h e r e q u a l l y v a l i d 
i n t e r p r e t a t i o n s o f these r e s u l t s a r e p o s s i b l e because o f the q u e s t i o n a b l e 
s p e c i f i c i t y of t h e i n h i b i t o r s . DNP has been observed t o cause a r e d u c t i o n 
i n a c c u m u l a t i o n o f z i n c by F o n t i n a l i s a n t i p y r e t i c a over l o n g p e r i o d s o f 
t i m e ( P i c k e r i n g & Puia, 1969) and t o reduce cadmium a c c u m u l a t i o n by the 
green a l g a S t i c h o c o c c u s b a c i l l a r i s ( S k o w r o n s k i , 1984a). Skowronski (1984a) 
a l s o r e p o r t e d reduced a c c u m u l a t i o n i n th e presence of CCCP. an uncoupler o f 
p h o t o p h o s p h o r y l a t i o n and F e l l e and B c n t r u p (1977) noted a reduced p o t e n t i a l 
d i f f e r e n c e i n th e l i v e r w o r t R i c c i a f l u i t a n s i n t h e presence o f CCCP. 
I t i s o n l y p o s s i b l e t o s p e c u l a t e on th e p r o b a b l e mechanism o f 
i n t r a c e l l u l a r z i n c uptake by Rhynchostegium; t h e r e are s t i l l some 
fundam e n t a l q u e s t i o n s t h a t need t o be r e s o l v e d . L u t t g e and Higinbotham 
(1979) d i s c u s s examples of processes such as enzymic r e a c t i o n s which may 
reduce i n t r a c e l l u l a r c o n c e n t r a t i o n s o f i o n s and th u s enhance d i f f u s i o n . 
Such processes may t h e r e f o r e appear t o be " a c t i v e " as changes i n metabolism 
a f f e c t r a t e s o f p a s s i v e d i f f u s i o n . The f o r m a l p r o o f t h a t uptake i s a c t i v e 
r e q u i r e s a c a l c u l a t i o n of the Nernst p o t e n t i a l f o r z i n c which, i n t u r n . 
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r e q u i r e s measurement of t h e i n t r a c e l l u l a r z i n c c o n c e n t r a t i o n and t h e 
membrane p o t e n t i a l . The i n t r a c e l l u l a r r o l e o f z i n c i s as s t r u c t u r a l 
components i n s e v e r a l enzyme systems, n o t a b l y c a r b o n i c anhydrase. Under 
normal c o n d i t i o n s z i n c which does e n t e r c e l l s would be l a r g e l y bound i n t o 
t h e s e p r o t e i n s and t h e r e f o r e i t i s r e a s o n a b l e t o assume t h a t t h e 
i n t r a c e l l u l a r c o n c e n t r a t i o n o f z i n c i s v e r y low and t h a t t h e r e may be a 
c o n c e n t r a t i o n g r a d i e n t i n t o t h e c e l l . I n a d d i t i o n i t i s w e l l e s t a b l i s h e d 
( N o b e l , 1974; L i i t t g e & Higinbotham, 1979) t h a t the i n t e r i o r s o f c e l l s are 
u s u a l l y s t r o n g l y e l e c t r o n e g a t i v e , which would a l s o cause d i f f u s i o n i n t o t h e 
c e l l down an e l e c t r o c h e m i c a l g r a d i e n t (Sharpe & Denny, 1976). 
C o n s i d e r a t i o n o f t h e r a t e of l o s s of metals from Rhynchostegium may 
p r o v i d e f u r t h e r i n f o r m a t i o n on l o c a l i z a t i o n . Moss from m e t a l - e n r i c h e d 
streams l o s t z i n c a t a slower r a t e than mosses t h a t had o n l y had a b r i e f 
exposure t o z i n c (6.54; 6.55; see a l s o Wehr, 1983). T h i s tends t o c o n f i r m 
t h e assumption t h a t a l a r g e p r o p o r t i o n o f z i n c i s l o c a l i z e d i n a 
compartment o f the c e l l from where i t i s n o t e a s i l y l o s t . Those f a c t o r s 
which enhanced z i n c l o s s (e.g. EDTA and c a l c i u m ) were expected t o remove 
c a t i o n s from exchange s i t e s and had t h e most pronounced e f f e c t on the 
o p u l a t i o n w i t h o n l y a b r i e f exposure (= 1 h) t o z i n c ( 6 . 5 4 ) . A gradual 
decrease i n ambient z i n c c o n c e n t r a t i o n s r e s u l t e d i n a c l o s e l y - m a t c h e d l o s s 
o f z i n c from i^n s i t u Rhynchostegium (6.53) i n d i c a t i n g slow e q u i l i b r a t i o n of 
Rhynchostegium t o changes i n i t s environment. S i m i l a r changes were 
observed d u r i n g the l o n g term t r a n s p l a n t (6.2) and are r e f l e c t e d i n the 
b road c o r r e l a t i o n s between m e t a l c o n c e n t r a t i o n s i n b r y o p h y t e s and i n water 
( W h i t t o n e t a l . , 1982; Say & W h i t t o n , 1983; Wehr & W h i t t o n , 1983a). The 
o v e r a l l I m p r e s s i o n , t h e r e f o r e , i s of an e q u i l i b r i u m between water and both 
e x t r a - and i n t r a c e l l u l a r compartments. T h i s h y p o t h e s i s accounts both f o r 
s h o r t - t e r m f l u c t u a t i o n s r e p r e s e n t e d by changes i n the exchangeable 
P 
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compartment and l o n g e r - t e r m g a i n s and l o s s e s from t h e i n t r a c e l l u l a r 
compartment. 
9.32 Role o f t h e c e l l w a l l 
The c e l l w a l l o f Rhynchostegium i s s u b s t a n t i a l ( 7 . 2 1 ) , a c c o u n t i n g f o r 
some two t h i r d s o f the t o t a l d r y weight o f t h e c e l l . There i s o b v i o u s l y 
g r e a t p o t e n t i a l f o r exchange a d s o r p t i o n o n t o a c e l l w a l l of t h i s s i z e ; i n 
the absence o f competing ions i n excess o f 11000 pg g-1 of z i n c may be 
adsorbed (7.26, 7.31). Zinc i s n o r m a l l y a minor component of t h e i o n i c 
b alance of f r e s h w a t e r s (1.221) and the dominant c a t i o n s are u s u a l l y 
magnesium and c a l c i u m , which account f o r t h e g r e a t e s t p r o p o r t i o n of 
adsorbed metals i n t h e range o f waters t e s t e d here (7.23 and 7.25). There 
were s i g n i f i c a n t c o r r e l a t i o n s between c o n c e n t r a t i o n s i n water and i n c e l l 
w a l l s f o r a number of ions and t h e r e were a l s o s e v e r a l c r o s s - c o r r e l a t i o n s ; 
t h e c o n c e n t r a t i o n o f z i n c , f o r example, was p o s i t i v e l y c o r r e l a t e d w i t h t h e 
c o n c e n t r a t i o n o f c a l c i u m i n water (Table 7.6). T h i s i s a s u r p r i s i n g 
f i n d i n g ; o t h e r workers have found a s t r o n g n e j j a t i v e i n f l u e n c e of aqueous 
c a l c i u m on z i n c a c c u m u l a t i o n by whole 2-cm t i p s of Rhynchostegium (Wehr & 
W h i t t o n , 1983a). The experiment was. however, based on a r e l a t i v e l y s m a l l 
number of samples and t h i s d i s c r e p a n c y may be due t o t h e t y p e of stream 
v i s i t e d : t h e r e was a l s o a p o s i t i v e c o r r e l a t i o n between d i s s o l v e d 
c o n c e n t r a t i o n s of z i n c and c a l c i u m , the o r e - v e i n s b e i n g i n t r u d e d i n t o t h e 
C a r b o n i f e r o u s l i m e s t o n e ( 3 . 2 1 1 ) . The l a b o r a t o r y experiment u s i n g a s i n g l e 
z i n c c o n c e n t r a t i o n and a range of c a l c i u m c o n c e n t r a t i o n s showed the more 
l i k e l y e f f e c t of aqueous c a l c i u m on z i n c a d s o r p t i o n i s t h a t t h e r e i s a 
s t r o n g l y n e g a t i v e r e l a t i o n s h i p ( F i g . 7.15). 
The e f f e c t of c a l c i u m on z i n c a c c u m u l a t i o n by Rhynchostegium was a l s o 
i n v e s t i g a t e d by Wehr (1983) and Wehr and W h i t t o n (1983a). Wehr's 
experiment was of a s i m i l a r design t o 7.52; a c c u m u l a t i o n o f a s i n g l e z i n c 
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c o n c e n t r a t i o n was t e s t e d over a range o f c a l c i u m c o n c e n t r a t i o n s . The 
e f f e c t was r a p i d and a l m o s t l i n e a r over t h e range 0 - 20 mg 1 ^ c a l c i u m ; 
a t h i g h e r c o n c e n t r a t i o n s t h e e f f e c t decreased. A s i m i l a r r e s u l t was found 
i n t h i s s t u d y (7.52) when z i n c a d s o r p t i o n was p l o t t e d a g a i n s t t h e c a l c i u m 
c o n c e n t r a t i o n i n t h e media ( F i g . 7.16) I n d i c a t i n g t h a t t h e " e f f e c t " 
observed by Wehr (1983) may have been l a r g e l y due t o c o m p e t i t i o n a t t h e 
c e l l w a l l ; t h i s i s i n k e e p i n g w i t h t h e g e n e r a l l y a p o p l a s t i c l o c a t i o n o f 
c a l c i u m i n p l a n t s (Marme, 1983; Demarty e t a j . . , 1984). No s i m i l a r e f f e c t s 
were observed when c e l l w a l l s were e q u i l i b r a t e d t o v a r i o u s c o n c e n t r a t i o n s 
b e f o r e b e i n g s u p p l i e d w i t h z i n c ; indeed t h e r e was l i t t l e v a r i a t i o n i n t h e 
c o n c e n t r a t i o n s o f e i t h e r c a l c i u m or z i n c over t h e e n t i r e range t e s t e d ( F i g . 
7.15). The most p r o b a b l e e x p l a n a t i o n i s t h a t new e q u i l i b r i a between t h e . 
c e l l w a l l and t h e media were s e t up when e q u i l i b r a t e d c e l l w a l l s were 
i n t r o d u c e d t o t h e h y p o t o n i c media. I n t h e st u d y by Wehr and W h i t t o n 
( 1 9 8 3 a ) , m u l t i v a r i a t e s t a t i s t i c s were used t o i n v e s t i g a t e t h e f a c t o r s 
a f f e c t i n g m e t a l a c c u m u l a t i o n by Rhynchostegium and d i s s o l v e d c a l c i u m had a 
s t r o n g n e g a t i v e i n f l u e n c e on z i n c a c c u m u l a t i o n . I t was n o t p o s s i b l e t o 
make a d i r e c t comparison o f t h e r e g r e s s i o n c o e f f i c i e n t s as Wehr and 
W h i t t o n ' s was c a l c u l a t e d u s i n g l o g ^ ^ - t r a n s f o r m e d d a t a ; however i t i s 
l i k e l y t h a t a l a r g e component o f these e f f e c t s may r e l a t e t o c o m p e t i t i o n a t 
t h e c e l l w a l l . S i m i l a r e f f e c t s have been observed f o r a number of o t h e r 
s p e c i e s such as t h e c h l o r o c o c c a l e G o l e n k i n i a (Bachmann, 1963), Lemanea 
( H a r d i n g & W h i t t o n , 1981) and Hylocomium splendens ( R u h l i n g & T y l e r , 1970) 
bu t n o t f o r Scapania u n d u l a t a ( W h i t t o n e t al.. , 1982) because t h e r e were 
problems i n t h i s s t u d y i n s e p a r a t i n g t h e e f f e c t s of pH and aqueous c a l c i u m . 
C o m p e t i t i v e i n h i b i t i o n o f i n t r a c e l l u l a r cadmium uptake by magnesium and 
c a l c i u m was a l s o observed i n R h y t i d i a d e l p h y u s squarrosus (Brown & B e c k e t t , 
1985); t h i s was i n t e r p r e t e d as i n d i c a t i n g t h a t a r e l a t i v e l y n o n - s p e c i f i c 
u p t a k e system was i n v o l v e d f o r t h i s m e t a l . 
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Other e n v i r o n m e n t a l f a c t o r s t e s t e d d u r i n g t h e p r e s e n t s t u d y were 
phosphate, EDTA and humic a c i d . Phosphate was t e s t e d o n l y i n one 
exp e r i m e n t (6.55) and had l i t t l e e f f e c t on meta l l o s s a f t e r e i t h e r a l o n g -
er a s h o r t - t e r m exposure t o z i n c . Wehr (1983) a l s o found phosphate t o have 
l i t t l e e f f e c t on z i n c a c c u m u l a t i o n a l t h o u g h i t has been noted t o have an 
a m e l i o r a t i n g e f f e c t on z i n c t o x i c i t y t o Hormidium r i v u l a r e (Say & W h i t t o n , 
1977), A n a c y s t i s n i d u l a n s (Shehata & W h i t t o n , 1982) and z i n c - t o l e r a n t 
s t r a i n s o f S t i g e o c l o n i u m tenue ( H a r d i n g & W h i t t o n , 1977). I t has been 
suggested t h a t f a c t o r s i n t h e environment which a f f e c t a c c u m u l a t i o n may 
a l s o a f f e c t t o x i c i t y ( W h i t t o n & Say, 1975); t h i s does n o t appear t o be t h e 
case f o r phosphate on z i n c a c c u m u l a t i o n over t h e ranges e x p e r i e n c e d i n 
n a t u r e (Wehr, 1983). 
EDTA d i d have a s i g n i f i c a n t e f f e c t on l o s s o f z i n c (6.55) b u t n o t i n t h e 
s t u d y i n v o l v i n g a d s o r p t i o n onto c e l l w a l l s (7.23) a l t h o u g h t h e 
c o n c e n t r a t i o n s used were s i m i l a r i n each case. I n 7.23 o n l y s i x o f t h e 
d i f f e r e n c e s were s t a t i s t i c a l l y s i g n i f i c a n t ( T a b l e 7.3); f o u r o f these were 
between s o l u t i o n s w i t h and w i t h o u t F.DTA. I t i s p o s s i b l e t h a t t h e h i g h 
c o n c e n t r a t i o n s o f i r o n i n t h e c e l l w a l l masked t h e e f f e c t s o f EDTA. C e l l 
w a l l p r e p a r a t i o n s were g i v e n a p r e l i m i n a r y wash i n hy d r o x y l a m i n e 
h y d r o c h l o r i d e (2.43) t o remove i r o n and manganese o x i d e s (Gupta & Chen, 
1975) b u t a r e c e n t p u b l i c a t i o n ( T i p p i n g e t a j . . , 1985) has shown t h a t t h i s 
may n o t have s o l u b i l i z e d a l l t h e i r o n d e p o s i t s ; these i n t u r n may cause 
a d d i t i o n a l a d s o r p t i o n and c o - p r e c i p i t a t i o n o f heavy metals i n t h e i r own 
r i g h t (Laxen, 1984a; 1984c) and i n a d d i t i o n may adsorb humic substances 
( T i p p i n g , 1981a; 1981b) which would f u r t h e r i n c r e a s e t h e number of 
p o t e n t i a l b i n d i n g s i t e s ( T i p p i n g e t a l , . , 1983). Treatment w i t h o x a l a t e 
( T i p p i n g e t al^. , 1985) removed a p p r o x i m a t e l y h a l f of t h e i r o n which 
remained a f t e r t r e a t m e n t w i t h h y d r o x y l a m i n e ( 7 . 2 4 ) . T h i s , i n t u r n , had an 
e f f e c t on t h e c o n c e n t r a t i o n o f z i n c r e m a i n i n g i n t h e p l a n t ( F i g . 7.2). 
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R e s u l t s i n 6.55 and Wehr (1983) i n d i c a t e t h a t t h e presence or absence of 
low c o n c e n t r a t i o n s o f EDTA may have a s i g n i f i c a n t e f f e c t upon z i n c 
a c c u m u l a t i o n . 
S e v e r a l o f t h e above comments c o n c e r n i n g EDTA a p p l y a l s o t o humic a c i d s . 
A g a i n , no c o n c l u s i v e s t a t e m e n t may be made from t h e r e s u l t s p r e s e n t e d here 
( 7 . 2 3 ) ; s e v e r a l o t h e r workers have n o t e d a d e c l i n e i n th e accui^.ulation of 
heavy m e t a l s (van der W e r f f , 1984) or i n t h e i r t o x i c i t y t o both p l a n t s 
( L a e g r e i d e t a j , . , 1984) and animals (Winner, 1984) and i t i s l i k e l y t h a t 
t h e s e a r e t h e r e s u l t o f r e a c t i o n s o u t s i d e c e l l s (Langston & Bryan, 1984). 
The h i g h a f f i n i t y o f i r o n o x i d e s f o r humic m a t e r i a l s ( T i p p i n g i981a; 1982b) 
m.ay have masked t h e expected e f f e c t (7.23, 7.24). 
9.33 Growth and heavy m e t a l a c c u m u l a t i o n and l o s s 
I n a d d i t i o n t o t h e p h y s i o l o g i c a l processes i n v o l v e d i n heavy metal 
a c c u m u l a t i o n and l o s s , each process may a l s o be i n f l u e n c e d by gro w t h , 
r e s p e c t i v e l y e x p o s i n g new s i t e s f o r m e t a l a d s o r p t i o n or a b s o r p t i o n or 
" d i l u t i n g " e x i s t i n g m e t a l c o n c e n t r a t i o n s . I t i s p o s s i b l e t o t e s t b o t h of 
the s e views from d a t a i n c h a p t e r s 4 and 6. The c o n c l u s i o n i n 9.2 was t h a t 
Rhynchostegium i s r e l a t i v e l y s l o w - g r o w i n g compared w i t h o t h e r f r e s h w a t e r 
a l g a e and macrophytes; average r a t e s were about 1 mm week ^ r i s i n g t o 2 ram 
week ^ a t peak p e r i o d s ( 9 . 2 3 ) . The r a t e s o f l o s s o f heavy metals were 
dependent upon t h e l e n g t h o f i n i t i a l exposure; i n m a t e r i a l fro.T. m e t a l -
e n r i c h e d streams t h e process c o u l d t a k e s e v e r a l days (S.51; riarsden, 1979; 
Wehr, 1983). Growth o f Rhynchostegium i n such a s h o r t l e n g t h o f t i m e would 
be v e r y low. 1 mm o f shoot would r e p r e s e n t 5% o f t o t a l mass ( 4 . 2 3 ) ; i f 40% 
o f a c c u m u l a t i o n a f t e r 23 d occ u r s w i t h i n 24 h th e n t h e r e m a i n i n g 60% would 
be accounted f o r by 2 - 3 mm o f gro w t h or 10% - 15% o f t h e f i n a l mass. 
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9.4 USE OF AQUATIC BRYOPHYTES AS MONITORS 
9.41 Moss-bag methodology 
The r e s u l t s i n c h a p t e r 5 showed t h e a c c u m u l a t i o n of heavy metals by 
Rhynchostegium i n moss-bags t o proceed a t t h e sa.'ne r a t e as by r.oss on 
b o u l d e r s (5.31) and t o be r e l a t i v e l y u n a f f e c t e d by t h e p a t t e r n o f t h e bags 
( 5 . 3 2 ) . These a r e e n c o u r a g i n g f e a t u r e s i f a s t a n d a r d method f o r u s i n g 
moss-bags i s t o be proposed. Some f e a t u r e s o f t h e r e s u l t s , however, 
r e q u i r e f u r t h e r comment. 
I t was n o t e d i n 5.31 t h a t t h e i n i t i a l stages of a c c u m u l a t i o n of a l l 
m e t a l s was " n o i s y " . Four o f t h e s i x r e g r e s s i o n s based on t h e r a p i d phase 
were n o t s i g n i f i c a n t and t h i s was seen i n bags ( z i n c and cadniun) and f o r 
b o t h b o u l d e r s and bags ( l e a d ) . I n 5.32 t h e r e was no such i n i t i a l " n o i s e " 
( F i g . 5 . 2 ) . 
The k i n e t i c s o f a c c u m u l a t i o n o f z i n c were a l s o v e r y d i f f e r e n t between 
t h e two e x p e r i m e n t s . 5.31 f i t t e d t h e s t r a i g h t f o r w a r d l i n e a r f u n c t i o n 
(y = m X H c) c l o s e r t h a n t h e l o g -normal f u n c t i o n (y = l o g x + c; Table 
5 . 6 ) ) , w h i l s t t h e a c c u m u l a t i o n curve i n 5.32 f i t t e d t h e l o g -normal 
e 
f u n c t i o n b e t t e r t h a n t h e "normal". S i m i l a r l y , when t h e curves were 
a r b i t r a r i l y s p l i t i n t o " r a p i d " and "slow" s e c t i o n s t h e d i v i s i o n f e l l a t 6 h 
f o r 5.31 and 5 h f o r 5.32. An apparent s a t u r a t i o n was observed i n 5.32 b u t 
n o t i n 5.31. When t h e r e g r e s s i o n e q u a t i o n s f o r t h i s i n i t i a l phase are 
compared t h e n t h e i n i t i a l s l o p e s i n 5.32 are 2.5 t i m e s more r a p i d t han i n 
5.31. 
The streams i n which these e x p e r i m e n t s were conducted i j e r e v e r y 
d i f f e r e n t : 0024-22 (5.32) i s a l o w l a n d stream, v e r y e u t r o p h i c and w i t h hard 
w a t e r , w h i l s t w a t e r i n 0012-45 (5.31) i s l e s s h a r d and l e s s e u t r o n h i c 
( T a b l e 3.7; Table 3.8). There a r e c o n s i d e r a b l e d i f f e r e n c e s i n catchments 
and i n t y p e s and c o n c e n t r a t i o n s o f m e t a l i n p u t s . Both experiments had 
f u n d a m e n t a l l y s i m i l a r d e s i g n s and s i m i l a r q u a n t i t i e s o f moss were used i n 
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each bag. That t h e d i f f e r e n c e s from 5.32 were observed i n both treat:r.ents 
i n 5.31 i m p l i e s t h a t i t i s a f e a t u r e o f t h e t r a n s p l a n t and n o t o f t h e moss-
bag and may be r e l a t e d t o d i f f e r e n c e s i n water c h e m i s t r y . 
A l t h o u g h t h e r e s u l t s i n 5.34 are n o t c o n c l u s i v e t h e y do i l l u s t r a t e a 
t r e n d and i t i s w o r t h w h i l e t o urge c a u t i o n on t h e s u b j e c t of how much moss 
t o pack i n t o a bag. I f t h e r e i s reduced a c c u m u l a t i o n a t t h e c e n t r e of t h e 
bag t h e n presumably t h i s i s due t o reduced p e r c o l a t i o n of water t h r o u g h t h e 
c o n t e n t s o f t h e bag and i t i s s u r p r i s i n g n o t t o see an e f f e c t when type I I I 
bags (5.22) a r e c o n s i d e r e d . Why t h e r e s h o u l d be a d i f f e r e n c e between 
p e r c o l a t i o n t h r o u g h moss and n o t t h r o u g h m u s l i n i s n o t c l e a r . I t i s 
suggested t h a t t h e c o n t e n t s o f a bag s h o u l d be r e s t r i c t e d t o 4 - 5 samples 
(+ 100 g wet w e i g h t ) . Fewer bags are r e q u i r e d t h a n i f each bag c o n t a i n e d 
enough o n l y f o r one sample y e t t h e q u a n t i t y o f moss i n each bag does not 
approach t h e volume o f moss used i n 5.34. 
E v e r a r d (1983) adopted t h e p r a c t i c e o f workers on a i r p o l l u t i o n (Goodman 
e t al., 1977) and t e a s e d o u t t h e moss i n t h e bags t o form c i r c u l a r d i s c s 
w i t h i n c r e a s e d s u r f a c e area : volume r a t i o s . T h i s may be a s e n s i b l e 
p r e c a u t i o n i n l a k e s o r i n s l o w - f l o w i n g r i v e r s and streams; however i n 
r i v e r s o r streams t h e e f f e c t o f t h e c u r r e n t i s b o t h t o p e r c o l a t e water 
t h r o u g h t h e bag and t o a g g r e g a t e t h e moss i n t o a s t r e a m l i n e d form. 
The t e c h n i q u e used here f o r f i x i n g bags i n r i v e r s was t o a t t a c h them t o 
s t a k e s ( 2 . 3 2 ) . Suspended bags have been used s u c c e s s f u l l y by o t h e r workers 
b o t h i n l a k e s (Denny, 1981; E v e r a r d & Denny, 1985b) and i n r i v e r s ( I . G . 
Burrows, u n p u b l i s h e d ) ; however i n r i v e r s t h e y a r e s u s c e p t i b l e t o v a n d a l i s m 
and t o h i g h f l o w s . The t e c h n i q u e i s most s u c c e s s f u l when th e bag can be 
s e c u r e l y a t t a c h e d w e l l o u t o f reach o f t h e bank and i t may be p o s s i b l e t o 
use o t h e r s u p p o r t i n g s t r u c t u r e s such as f e n c e s , i f these c r o s s streams. 
The t e c h n i q u e s used by Mouvet ( 1 9 8 4 ) , P r i g g (1977) and E. Tvlycock ( p e r s . 
comm.) i n v o l v e a n c h o r i n g t h e moss-bags s e c u r e l y t o t h e stream bed 
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using stones or concrete blocks. I t i s the author's experience t h a t such 
blocks have to be q u i t e s u b s t a n t i a l to prevent t h e i r removal during high 
flows. I t i s possible t h a t the size of the block required could be 
predicted from the emperical r e l a t i o n s h i p governing the size of the boulder 
moved by a p a r t i c u l a r f l o w r a t e . A stake which i s securely hammered i n t o 
the stream bed can r e s i s t very high flows although i n the process i t may 
t r a p suspended m a t e r i a l ; i t i s probably more secure under such conditions 
than a boulder but i t i s f a r more conspicuous to passers-by. The most 
widespread problem associated w i t h t r a n s p l a n t s i s vandalism. This appears 
to be a f a i r l y u n i v e r s a l problem associated w i t h the use of unattended 
f i e l d equipment and i s exacerpated by use of materials which a t t r a c t 
a t t e n t i o n , reaches which are close to h a b i t a t i o n and by experiments during 
school holidays. E f f o r t s may be made to minimise these problems; pattern 
I I bags were made from a b r i g h t orange mat e r i a l which made them conspicuous 
w h i l s t p a t t e r n I moss-bags were coloured green (Table 5.1). No data were 
c o l l e c t e d on the r e l a t i v e q u a l i t i e s of each w i t h respect to vandalism but 
the darker colour i s l i k e l y to a t t r a c t fewer casual passers-by. Anglers 
w i l l take a greater i n t e r e s t i n the stream and are l i k e l y to spot any 
ob j e c t , p a r t i c u l a r l y one which i s l i a b l e to snag a l i n e ; they w i l l also be 
equipped w i t h waders etc. t o remove them. Anglers are also l i k e l y to have 
an above-average i n t e r e s t i n water q u a l i t y and may be enthusiastic i f they 
know why the bags have been placed there. 
The main d i f f e r e n c e i n the way i n which the moss i s exposed to water 
between boulders and bags i s t h a t i n the l a t t e r method the moss l i e s closer 
to the bed of the stream and i s th e r e f o r e closer to i t s n a t u r a l p o s i t i o n . 
Results i n 5.31 show tha t there i s no s i g n i f i c a n t d i f f e r e n c e i n 
accumulation rates between moss i n these two p o s i t i o n s . 
A f i n a ] consideration i f the method i s t o be proposed f o r r o u t i n e 
monitoring purposes, i s to determine the po i n t at which the transplanted 
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moss i s s u i t a b l e f o r use as a monitor. This would be at the p o i n t when 
f l u c t u a t i o n s i n the concentration i n the water w i l l be r e f l e c t e d by changes 
i n the concentration i n the moss. This i s obviously not during the rapi d 
phase; however once the rate of accumulation has slowed down then i t i s 
possible t h a t a change i n the concentration of metal i n the water may be 
detected by a change i n the concentration i n the moss. ^  The rapi d phase 
lasted f o r approximately 6 h (chapter 5) and accumulation of zinc and 
cadmium continued a t a slow rat e over f i v e or s i x days and accumulation of 
lead continued over a longer period of time (6.2). At the end of t h i s 
period moss responded to changes i n aqueous metal concentrations i n the 
same way as indigenous populations (9.31). This may be a long time i f a 
ro u t i n e survey using moss-bags i s envisaged; however i n s i t u a t i o n s where 
two s i t e s (e.g. above and below a discharge) are being compared then 
accumulation over a shorter period of time (e.g. 24 h) may be s u f f i c i e n t . 
In 6.2 the d i f f e r e n c e s i n f i n a l concentrations of zinc accumulated were 
ascribed to v a r i e t a l d i f f e r e n c e s (9.31). This i s i t s e l f a p o t e n t i a l source 
of confusion; i n 6.2 the d i f f e r e n c e at t = 23 d was s i g n i f i c a n t at 
p > 0.05 and i f s i g n i f i c a n t d i f f e r e n c e s are to be taken as evidence of 
metal contamination, then e f f o r t s must be made to overcome such v a r i e t a l 
d i f f e r e n c e s . S i g n i f i c a n t d i f f e r e n c e s between populations were also found 
by Wehr (1983). The simplest method i s to c o l l e c t a l l Rhynchostegium from 
a s i n g l e source and to use t h i s i n a l l transplant experiments. 
9.42 Experience of case study 
Part of the preceding discussion i s i l l u s t r a t e d by the experience of the 
case study (chapter 8 ) . On several occasions stakes and bags were l o s t , 
probably due to i n t e r f e r e n c e by passers-by (8.322); however t h i s study 
demonstrated the f e a s a b i l i t y of using aquatic bryophytes i n conjunction 
w i t h s t r a i g h t f o r w a r d water samples f o r monitoring i n t e r m i t t e n t p o l l u t i o n . 
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e s p e c i a l l y when the concentrations i n the water approach the detection 
l i m i t f o r a p a r t i c u l a r method (8.321). I n t e r p r e t a t i o n at three l e v e l s was 
possible. Concentrations a t 0267-80 i n d i c a t e d the presence of an input 
between the two reaches ( F i g . 8.2); an extension of t h i s to include s i t e s 
upstream of 0267-80 would have been useful i n detecting sources of the low 
chromium concentrations measured i n plants i n these reaches. The second 
approach used the computer database t o p r e d i c t aquatic concentrations 
(8.53). The l a t t e r approach was hampered by lack of a s u i t a b l y sized 
database f o r each of the three species which might have allowed 
m u l t i v a r i a t e s t a t i s t i c s to be used and a more accurate p r e d i c t i o n to be 
made. F i n a l l y , by i n c l u d i n g laboratory experiments i t was possible to 
p r e d i c t the chemical species of chromium i n the r i v e r (8.4. 8.52). 
9.43 Aquatic bryophytes as monitors 
Both indigenous and transplanted populations of Rhynchostegium are 
s u i t a b l e f o r use as monitors. With indigenous populations there may be 
problems associated with v a r i e t a l d i f f e r e n c e s (9.31); Rhynchostcgium i s 
f r e q u e n t l y observed w i t h capsules (Smith, 1978) and i t has been suggested 
t h a t these play a s i g n i f i c a n t r o l e i n spore dispersal (Wehr, 1983). There 
i s a p o s s i b i l i t y of v a r i e t a l d i f f e r e n c e s i n populations along a r i v e r or 
stream compared w i t h populations of F o n t i n a l i s a n t i p y r e t i c a , f o r example, 
which only r a r e l y produces spores (Smith, 1978) and whose dispers a l i s 
probably l a r g e l y e f f e c t e d by vegetative fragments c a r r i e d downstream (Glime 
et al.. , 1979). There are no isoenzyme or s i m i l a r studies on aquatic 
bryophytes to confirm t h i s . Any such d i f f e r e n c e s may be a f u n c t i o n of the 
distance downstream between populations which, i n the case of many 
monitoring studies i s l i k e l y to be q u i t e small. 
There are a number of ways i n which these bryophytes may be used; i n the 
terminology of Goltermann et a l . (1978) these may divided i n t o d i f f e r e n t 
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" l e v e l s " depending upon the needs and the f a c i l i t i e s of d i f f e r e n t water 
monitoring bodies. The f i r s t " l e v e l " i s as a record of a suspected 
p o l l u t i o n source by a concerned member of the publ i c . A scenario i s 
envisaged where a member of an angling club observes a f i s h k i l l and 
contacts the water a u t h o r i t y . A sample of moss c o l l e c t e d at the time may 
subsequently be analyzed i f heavy metals are suspected. A second " l e v e l " 
would apply t o a suspected p o l l u t i o n source known to a Water A u t h o r i t y ; a 
p r e l i m i n a r y f i e l d assessment of the s i t e would be followed by a planned 
se r i e s of tra n s p l a n t s or samples and t h e i r subsequent analysis. Such 
studies were c a r r i e d out by Harding (1979; 1980) i n Wincham Brook, 
Cheshire. I t may be necessary at t h i s stage to take duplicate or 
t r i p l i c a t e samples i n the manner of "Formal Samples" (Toms, 1975), which 
are a v a i l a b l e f o r independent ana l y s i s . The f i n a l " l e v e l " i s an extension 
of the second l e v e l , feedback from which may lead to a d d i t i o n a l samples or 
a f i e l d or laboratory experiment to confirm the chemical species (e.g. 8.4) 
or the accumulation or loss properties of a p a r t i c u l a r population. I t i s 
at t h i s stage t h a t a knowledge of the l o c a l i z a t i o n of the metal (chapters 6 
& 7) may play a s i g n i f i c a n t r o l e . 
The previous paragraph presupposes t h a t the study i s to be c a r r i e d out 
i n an area where f a c i l i t i e s etc. are a v a i l a b l e ; t h i s may not be the case i n 
remote or t h i r d world regions. Whitton et al. (198J) l i s t ten advantages 
of p l a n t samples over water samples; these include t h e i r ease of 
c o l l e c t i o n , storage and tra n s p o r t which may make them p o t e n t i a l l y useful 
f o r Environmental Impact Assessments and p i l o t studies i n these regions. 
E f f e c t i v e use of such techniques would require an understanding of the 
r e l a t i o n s h i p between dissolved and accumulated concentrations of heavy 
metals f o r the species i n question; t h i s i s presently known f o r only a few 
species (Whitton et a l . , 1982; Say & Whitton, 1983; Wehr & Whitton, 1983a) 
and there may be enough data i n the l i t e r a t u r e to e s t a b l i s h r e l a t i o n s h i p s 
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f o r a few more. The value of the data may be enhanced by a knowledge of pH 
and aquatic calcium concentration although i t may be possible t o s u b s t i t u t e 
c o n d u c t i v i t y f o r the l a t t e r . I n such cases the mosses are being used 
simply as "concentrators" of aquatic metals and i t may be possible to 
devise simple methods f o r the e x t r a c t i o n and subsequent c o l o r i m e t r i c 
a n a l y s i s which would represent a genuine "Intermediate Technology" approach 
t o water q u a l i t y monitoring. 
Some studies have ignored the taxonomy of bryophyte samples and instead 
analyzed aggregates comprising several species (Whitehead & Brooks, 1969; 
Prigg, 1977). This i s a f u r t h e r p o t e n t i a l s i m p l i f i c a t i o n of the method 
which may have some value i n p a r t i c u l a r circumstances; d i f f e r e n t i a l 
accumulation by d i f f e r e n t species (Burton & Peterson, 1979; Say et a l . , 
1981; Wehr & Whitton, 1983b) means t h a t non-homogeneous samples may give 
v a r i a b l e r e s u l t s . 
An example of the use of bryophytes t o supplement analysis of water 
samples i s given i n chapter 8; data on chromium accumulation by 
Rhynchostegium transplanted i n t o 0267-90 (8.31) were compared w i t h s i m i l a r 
data c o l l e c t e d i n the labo r a t o r y (8.42) to give some i n d i c a t i o n of the 
spe c i a t i o n of the chromium; i n t h i s study i t was i n the form of 
C r ( I I I ) ( 8 . 5 2 , 9.42). A second use i s to i n v e s t i g a t e rates of accumulation 
and loss by a p a r t i c u l a r population i n a p a r t i c u l a r reach. This may f o l l o w 
a sample of indigenous moss which contained elevated concentrations of 
heavy metals, posing the questions how long ago d i d the episode occur and 
what was i t s concentration? I t may not be possible to answer these 
accur a t e l y ; an estimate of the dissolved metal concentration corresponding 
to the concentration i n the pla n t i s possible. Results i n 6.54 Indicate 
t h a t the r a t e of loss was dependent upon the length of time of exposure to 
the metal which may not be known; however the approximate time of the event 
may be and concentrations estimated by back-extrapolation from Fig. 6.13 
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f o r d i f f e r e n t lengths of exposure give a range of values i n d i c a t i n g e i t h e r 
r a p i d loss from a b r i e f exposure to a high concentration or slower loss 
from longer exposure to lower concentrations. 
Everard and Denny (1985b) used a " l e v e l I I I " approach to i n v e s t i g a t e 
f l u x e s of lead i n Ullswater. This fundamental study required a d i f f e r e n t 
approach to s t r a i g h t f o r w a r d monitoring studies. I t was not possible, f o r 
example, simply t o r e l a t e metal concentrations i n moss to metal 
concentrations i n water; however they were able to show the r o l e of 
turbulence i n i n f l u e n c i n g metal accumulation. 
9.5 CONCLUDING REMARKS 
The range of a p p l i c a t i o n s of aquatic bryophytes f o r monitoring heavy 
metal p o l l u t i o n i s p o t e n t i a l l y wide (9.43) and may be both fundamental and 
applied i n nature. The accumulation of heavy metals by Rhynchostegium i s 
r a p i d (chapters 5 & 6) and i s uncomplicated by i n t e r a c t i o n s w i t h other 
components of the food chain and movement (compared with accumulation by 
animals) or w i t h accumulation through roots (compared with higher p l a n t s ) . 
Rhynchostegium i s also r e l a t i v e l y perennial (chapter 4 ) . Whilst the lack 
of a s u i t a b l e substratum may be a l i m i t a t i o n t o c o l o n i z a t i o n by 
Rhynchostegium under natu r a l conditions, the use of moss-bags extends the 
possible range of s i t u a t i o n s where i t may be used. Moss-bags are cheap to 
deploy and the basic technique (chapter 5) may be adapted to s u i t a wide 
range of l o c a l circumstances (9.41, 9.43). The b i v a r i a t e models of metal 
accumulation, comparing metaJs i n streamwater with metals in mosses i s a 
use f u l s t a r t i n g point f o r case studies of i n t e r m i t t e n t heavy metal 
p o l l u t i o n . 
These r e l a t i o n s h i p s are maintained by a range of p h y s i o l o g i c a l phenomena 
(9.31; 9.32). I n t r a c e l l u l a r accumulation i s as important as exchange-
adsorption (6.3) and i s fundamental to the r e t e n t i o n of heavy metals a f t e r 
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i n t e r m i t t e n t p o l l u t i o n events (6.55). Knowledge of these processes i s 
s t i l l l i m i t e d by the lack of a fundamental p h y s i o l o g i c a l examination of 
heavy metal uptake i n these species (9.31); however these w i l l c o n t r i b u t e 
more to fundamental botany than to applied monitoring where knowledge of 
the heavy metai accumulation properties of various species w i l l provide a 
s u i t a b l e framework f o r a wide range of a p p l i c a t i o n s . 
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SUTvIMARY 
1. A study, combining both f i e l d and laboratory experiments, was made of 
heavy metal accumulation and loss by aquatic .9.osses w i t h p a r t i c u l a r 
reference t o t h e i r s u i t a b l i t y f o r use as i n s i t u or transplanted 
monitors. 
2. The growth r a t e of Rhynchostegium r i p a r i o i d e s was studied at four s i i c s 
i n the Northern Pennines using cotton tags to measure shoot extension. 
Growth continued throughout the 12-oonth period v j i t h maxisua growth 
r a t e i n the spr i n g and a smaller peak i n the autumn. Growth rate was 
r e l a t e d s t r o n g l y t o water temperature and maxi-ium and nini.T!UE a i r 
temperatures, of a number of environmental variables measured. There 
were also d i f f e r e n c e s between growth rates i n d i f f e r e n t streams, 
apparently not r e l a t e d t o concentrations of n u t r i e n t s or heavy metals; 
i t i s suggested t h a t these may r e l a t e t o di f f e r e n c e s i n the length of 
time emersed. 
3. F i e l d experiments were used t o evaluate mesh-bags as containers f o r 
transplanted aquatic mosses. There were no s i g n i f i c a n t differences 
between accumulation of heavy metals by moss on boulders or i n bags or 
between accumulation of zinc by moss i n three d i f f e r e n t patterns of 
bag. There were some s i g n i f i c a n t d i f f e r e n c e s between r e p l i c a t e bags of 
Rhynchostegium over a 12-h period and there was also s l i g h t l y reduced 
accumulation a t the centre of bags packed w i t h large q u a n t i t i e s of 
moss. The technique was, however, generally robust and applicable t o a 
range of s i t u a t i o n s . 
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4. An experiment using F o n t i n a l i s a n t i p y r e t i c s i n place of Rhynchostegium 
was also performed. There was no s i g n i f i c a n t d i f f e r e n c e i n 
accumulation of zinc between ? o n t i n a l i s on boulders or i n bags. Use of 
t h i s species may extend the range of a p p l i c a t i o n of moss-bags. 
5. An e l u t i n g agent, t o remove zinc from exchange s i t e s , KES used to study 
i n t r a c e l l u l a r l o c a t i o n s of zinc. A f t e r p r e l i m i n a r y expsrir.3nts ^^Cl^ 
was chosen i n preference to EDTA. This removed about 70Ss of zinc 
accumulated during the f i r s t 12-h. This pro p o r t i o n decreased over t i s e 
and a f t e r 14 d less than 50% of zinc was located i n the exchangeable 
f r a c t i o n ; however t h i s may, i n p a r t , be an a r t e f a c t of batch c u l t u r e 
c o n d i t i o n s . Accumulation by both exchangeable and r e s i d u a l f r a c t i o n s 
f i t t e d s a t u r a t i o n k i n e t i c s over the f i r s t 12 h; t h e r e a f t e r only 
accumulation by the r e s i d u a l f r a c t i o n d i d . 
6. The possible r o l e of metabolic a c t i v i t y was tested i n d i r e c t l y by 
manipulating the plant's environment. Results of studies on the e f f e c t 
of temperature and metabolic i n h i b i t o r s i n d i c a t e d no d i r e c t c o n t r o l by 
metabolism on zinc accumulation by Rhynchostegium. Studies on the 
e f f e c t of l i g h t gave ambiguous r e s u l t s . 
7. The s u b s t a n t i a l c e l l w a l l of Rhynchostegium was capable of adsorbing 
large q u a n t i t i e s of ions ( > 12000 yg g " zinc from a s i n g l e - s a l t 
s o l u t i o n ) ; calcium was the dominant ion adsorbed from n a t u r a l waters 
and t h i s had a strong influence on zinc adsorption. A f u r t h e r f r a c t i o n 
was bound more t i g h t l y by the oxide deposit on the surface of the c e l l . 
8. Exchange of zinc f o r d i f f e r e n t ions was r a p i d and reached 90?o 
completion w i t h i n three minutes. On a molar basis exchange of zinc f o r 
+ + 2 + 
s i n g l e ion s o l u t i o n s of H , K and Ce was i n the r a t i o of less than 
1 : 1 . There were no s i g n i f i c a n t d i f f e r e n c e s between exchange of zinc 
f o r monovalent or d i v a l e n t cations. 
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9. Three species of aquatic moss were used as monitors of i n t e r m i t t e n t 
chromium p o l l u t i o n i n the R. Croal, N-W. England, above and below the 
s i t e of a disused smelter. There was evidence of s l i g h t contamination 
i n the r i v e r above the smelter; however concentrations of chromium i n 
moss below the smelter were considerably higher. There was no 
r e l a t i o n s h i p between chromium concentrations i n water and i n moss which 
supports other evidence of p e r i o d i c f l u c t u a t i o n s i n the concentration 
of chromium i n the r i v e r . 
10. Laboratory studies showed d i f f e r e n t i a l accumulation of C r ( I I I ) and 
Or(VI) by Rhynchostegium i n la b o r a t o r y batch c u l t u r e . These r e s u l t s 
were applied to the case study of chromium p o l l u t i o n and confirmed the 
presence of C r ( I I I ) i n water. 
11. A standard method f o r using aquatic bryophytes to monitor heavy metal 
p o l l u t i o n i s suggested. This involves t r a n s p l a n t i n g moss i n moss-bags 
above and below a suspected discharge. These are l e f t f o r a 
predetermined length of time before being c o l l e c t e d and analyzed 
according t o standard methods. An elevated concentration of metal i n 
the moss below the discharge i s an i n d i c a t i o n t h a t there has been a 
release of heavy metals during the period of exposure. 
12. I t i s argued s t r o n g l y t h a t aquatic bryophytes are s u i t a b l e as monitors 
f o r a wide range of heavy metal p o l l u t i o n problems. From the e x i s t i n g 
framework of knowledge, monitoring techniques may be adapted f o r many 
s i t u a t i o n s and at a v a r i e t y of " l e v e l s " of s o p h i s t i c a t i o n . These 
include s i t u a t i o n s of i n t e r m i t t e n t heavy metal p o l l u t i o n where 
accumulation of heavy metals i n t o a compartment which i s not r a p i d l y 
exchangeable may provide a record of the event f o r some time a f t e r i t 
has occurred. 
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APPENDIX 1 
METHOD FOR USING MOSS-BAGS TO MONITOR HEAVY METAL POLLUTION 
INTRODUCTION 
This method i s f o r comparison of metal concentrations i n samples of 
Rhynchostegium r i p a r i o i d e s or F o n t i n a l i s a n t i p y r e t i c a from above and below a 
discharge. I t i s p a r t i c u l a r l y u s e f u l i f the discharge i s suspected to be 
i n t e r m i t t e n t and thus may be missed i f water analyses alone are performed. 
The method involves t r a n s p l a n t i n g moss i n t o the reach. I f there i s a large 
population of moss i n the reach then a t r a n s p l a n t may be unnecessary and i n 
s i t u moss may be used instead. I t i s based upon work performed i n Durham, 
from 1979 t o 1986. Further d e t a i l s of metal accumulation by Rhynchostegium 
T.ay be found i n t h i s t h e s i s , Wehr (1983) and Wehr & Whitton (1983a; :983b) 
and by F o n t i n a l i s a n t i p y r e t i c a i n Say & Whitton (1983). A comparison of 
methods f o r processing mosses i s reported i n Wehr et a l . (1983) and a study 
on methods f o r using moss-bags i n t h i s t h e s i s . 
PRINCIPLE OF METHOD 
Aquatic mosses are transplanted i n t o reaches above and below a suspected 
discharge. A f t e r a standard period of immersion they are removed, digested 
i n n i t r i c a c i d and t h e i r metal concentration deter.-nined. 
APPARATUS 
f i e l d 






polyethylene b o t t l e t o t r a n s f e r moss t o laboratory 
l a b o r a t o r y 
p e t r i dishes 
c r y s t a l l i s i n g dishes 
forceps 
s c a l p e l 
d r y i n g oven, set a t 105 "C 
heating block 
b o i l i n g tubes 
bench-top c e n t r i f u g e 
25 ml volumetric f l a s k s 
atomic absorption spectrophotometer 
reagents 
deionized water 
2 M KNO (atomic absorption grade) 
standard s o l u t i o n s f o r atomic absorption spectrophotometry 
METHOD 
1 C o l l e c t i o n of moss 
1.1 The reach from which moss i s c o l l e c t e d should be free fron; any 
p o s s i b i l i t y of contamination by heavy metals. 
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1.2 The reach i s defined w i t h reference t o one or more e a s i l y r e -
loc a t a b l e landmarks 
1.3 The population of Rhynchostegium at the reach should not be 
s i g n i f i c a n t l y reduced by removing moss f o r t r a n s p l a n t i n g . The moss 
should be a v a i l a b l e throughout the year. 
1.4 C o l l e c t i o n of moss i s r e s t r i c t e d t o plants which are f u l l y submerged 
and, as much as possible, located w i t h i n the area of maximum current 
v e l o c i t y . Plants are c o l l e c t e d from at l e a s t f i v e separate locations 
w i t h i n the reach. 
1.5 The moss i s rinse d and shaken several times i n stream vjatsr t o remove 
associated sediments, i n v e r t e b r a t e s and entangled filamentous algae. 
Excess water i s squeezed from the p l a n t s , vjhich are stored i n a 
polyethylene beaker rinsed several times i n stream water. 
1.6 Mosses are stored i n an ice-box and are t r a n s f e r r e d immediately to 
the monitoring s i t e . 
2 Use of moss-bags 
2.1 Approximately 15 - 20 g (wet weight) of moss i s put i n t o each bag. 
This provides about twice as .many 2-cm t i p s as i s required f o r one 
sample f o r a n a l y s i s . One or two samples may be retained f o r 
independent analysis a t t h i s stage. 
2.2 Steel stakes are p o s i t i o n e d above and below the discharge, away from 
the bank, i n an area w i t h a f a s t current and are driven i n t o the 
stream bed. The bags are attached t o these by twine so t h a t they 
remain submerged. 
2.3 A suggested sampling program i s t o analyze samples from each reach 
every f o r t n i g h t , unless there i s a suspected p o l l u t i o n i n c i d e n t , when 
a sample should be taken as soon as possible and at i n t e r v a l s of 
approximately 12 h a f t e r t h i s . 
2.4 The sample i s removed from, the bag, washed several times i n stream 
water, squeezed f r e e of excess moisture and placed i n a container. 
I t i s t r a n s f e r r e d t o the la b o r a t o r y i n an ice-box. 
3 Laboratory treatment 
3.1 I f samples cannot be t r e a t e d immediately then they are stored i n a 
r e f r i g e r a t o r overnight and t r e a t e d the f o l l o w i n g morning. 
3.2 The moss i s ri n s e d thoroughly i n a stream of d i s t i l l e d water t o 
re.move obvious attached sediment and i s t r a n s f e r r e d to deionized 
water where 2-cm t i p s are removed. This u s u a l l y includes the m.ain 
axis and several branches. 
3.3 Approximately 125 t i p s are taken t o give a f i n a l dry weight of about 
200 mg. These are washed two to three times i n deionized water and 
di v i d e d i n t o f i v e sub-samples which are placed i n acid-washed v i a l s 
and d r i e d t o a constant weight. I t i s suggested t h a t a d d i t i o n a l 
samples f o r independent analysis are stored at t h i s stage. 
3.4 Dried sub-sa.mples are digested i n 5 ml of 2 M riNO^ at about 120 °C f o r 
45 minutes and allowed t o cool. Sub-samples are centrifuged to 
separate the cle a r s o l u t i o n from the s l u r r y and the clear s o l u t i o n i s 
poured i n t o a 25 ml volumetric f l a s k . The s l u r r y i s re-c e n t r i f u g e d 
w i t h deionized water and the supernatant i s added t o the volumetric 
f l a s k and made up t o volume. 
3.5 Samples are analyzed by atomic absorption spectrophotometry against 
acid-matched blanks and standards. The r e s u l t s are converted from .T.ass 
of metal per u n i t volume t o mass of metal per u n i t mass as f o l l o w s : 
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cone. 
i n sample 
(yg g~ ) 
cone, i n d i g e s t 
(mg 1 M X 25 m] 
mass o f sample (mg) 
X 1000 
3.6 The mean, s t a n d a r d d e v i a t i o n and 95% c o n f i d e n c e l i m i t s are c a l c u l a t e d 
f o r each sample and t h e samples from above and below the d i s c h a r g e 
compared. 
COST PER SAMPLE 
These c o s t s a r e c a l c u l a t e d assumming o n l y v e r y b a s i c l a b o r a t o r y 
f a c i l i t i e s a r e a v a i l a b l e . Costs a r e based upon p r i c e s i n October 1986, 
e x c l u s i v e o f V.A.T. a t 15%. 
1. C a p i t a l i t e m s t o e q u i p f o r process 
c e n t r i f u g e 
h e a t i n g b l o c k 
a u t o m a t i c p i p e t t e 
moss- bags (1) 
sta k e s ( 2 ) 
R e c u r r e n t i t e m s 
a c i d (AAS grade) 
s t a f f (3) 
replacement o f c a p i t a l items 
overheads ( e l e c t r i c i t y , gas) 












3. A n a l y s i s 
AAS ( a t commercial r a t e s ) £ 20.00 
NOTES 
Mesh bags^were made from a garden mesh from a l o c a l n u r s a r y a t a c o s t 
o f 40p m f o r a 2 m wide r o l l . Nylon monofilament f i s h i n g l i n e was 
used t o sew t h i s i n t o bags of a p p r o x i m a t e l y 15 x 20 cm ( 5 . 2 ) . I f i t i s 
assumed t h a t 20 bags may be made from 1 m of mesh then t h e c o s t per bag 
i s n e g l i g a b l e . Bags may be re-used. 
Stakes were made from m i l d s t e e l ar^d c o s t 50 p each. 
Labour i s assumed t o c o s t £3.85 h 
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APPENDIX 2 
RELATIONSHIP BETWEEN LANGMUIR ISOTHERM AND MICHAELIS-MENTON EQUATION 
The M i c h a e l i s - M e n t o n e q u a t i o n of enzyme k i n e t i c s and the Lanmuir i s o t h e r m 
of p h y s i c a l c h e m i s t r y b o t h r e l a t e r e a c t i o n s t o the number of a v a i l a b l e 
r e a c t i o n s i t e s and have t h e same b a s i c form. 
The M i c h a e l i s - M e n t o n e q u a t i o n i s u s u a l l y w r i t t e n as: 
1 Km 1 1 
V V S V (1) max max 
where: 
Xni ^ M i c h a e l i s Menton c o n s t a n t 
S = s u b s t r a t e c o n c e n t r a t i o n 
V ^ v e l o c i t y 
V = maximum v e l o c i t y max 
and the Langmuir I s o t h e r m as: 
1 1 1 1 
x/m C kb b (2) 
where: 
x/m ^ amount adsorbed per u n i t mass 
C = e q u i l i b r i u m c o n c e n t r a t i o n of a d s o r b a t e 
b = a d s o r p t i o n maximum 
k = term r e l a t i n g t o bonding energy. 
Khen I h e y are used t o examine Zn uptake then 1/Zn may r e p l a c e 1/V or 
i/(x/m) and Zn i s used t o d e s c r i b e t h e maximum v a l u e o f Zn (= Vmax or b ) . max Tnen: 
1 1 1 1 1 
kbC Zn Zn C Zn 
max max max 
1 Km 
kb Zn max 
Let b = Zn 
max 
1 Km 
kZn Zn max max 
1 
Km 
